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abstract 

proportional°amplifier*withha pr's^r”n^.!í*’rê’tar ihÜTiS“ 'i“''1? 

channel depth, several of these elemen?aWÍÍh Rfynolds number based on 
to form a thr¿e-stage, open-'^oa^nM Jí !. Í!*" connected in series 
than 1000, a dynami? range of oSe? 400 ^nd h ^^8Ure 9<lin greater 
100 Hz. The output of the amo?TfL! * ^andwidth greater than 
flat saturation characteristic. t*«lf and of the gain block has a 
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1. INTRODUCTION 

Dror^íííín^ d?8Cri^e the development of the jet deflection 
? 1 amP1^fier during the past eleven yean. They show that 

DÏ?nteonÎ°^nt ? U8eful fluidic amplifier is a complex task and 
Í some °f the many unknowns that limit the further refinement 

afsoS-L nfer,?f amPíÍfle!í:, The references quoted in that paper provide 
source of papers describing amplifier development. 

discuíiÍH^H8 °f CO™""01*11!' available jet-deflection amplifiers 
fier« wÎk«, ^ ^ ASME Paper are shown in figure 1. All of these ampli- 
reaim« ! ^ experimentally developed to operate in the turbulent flow 

achievable ^ * 1ÍmÍted dynainic ran9e- The dynamic range 
500 h 1 h vanes from 100 to 500 at bandwidths of 
rival mïlïL yesPectÍvely• Jhe jet deflection amplifier's dynamic 
range must be improved to make it useful to system designers/ 

It was immediately apparent when we began this investigation that 
laminar proportional amplifiers were necessary to increase dynamic range. 
In our research, we found that NASA (Bangley) had adapted a pressure 
field proportional amplifier (originally developed for turbulent opera- 
£Í°rL#?/he fJOW The original amplifier was developed 
by Griffin and Gebben. As originally developed (fig. 2), it had a flat 

characteristic and operated at Reynolds numbers greater than 
2360 based on element depth. It had a dynamic range of 100 for a 20-Hz 
bandwidth and a staged pressure gain of about 4 to 5 per stage, but the 
authors noted that its performance was limited by zero shifts and gain 
variations that were caused by pressure level changes in the control 
ports• 

atartiln ^ "î“ (Lan91«y) used this amplifier design as a 
lùfllr Point in development of a low Reynolds number proportional am- 
plifier. Be obtained pressure gains of 8 to 10 per stage at Reynolds 
numbers (for square nozzles) of 1000 to 1800. However, the gain de¬ 
creased the bias control level increased, resulting in low staging 

thiS'coítroT6^^6 thiS effect fay a vent pressure level control. With 
this contro! and many geometrical changes, Hellbaum has staged five am¬ 
plifiers to obtain a pressure gain of 2400 (4.744 per stage). 

nr«/™/1"1501/*!/ r!8Ul^ °f NASA’s lamin*r amplifier work is that their 
da^a sh°wed that blocked output pressure gain of 8 to 10 

20 Hz' hieVed Wlth a dynamic range of 500 to 1000 for a bandwidth of 

These results encouraged us to concentrate our effort on developing 
laminar proportional amplifier. Our development was successful and 

íain^reííf1 Ih * íí««6'8^96 laminar 9«in block that has a pressure 

2idth^“«ér Jm'hz. yn“,Í0 ra",C ,te"ter than 400' *nd a b»"d- 

our. effort' we Performed exporiments to define the oper- 
! number rtnge for ia^inar jet deflection amplifiers and 

deveiopeci a staging method to assure maximum dynamic range. This re- 
h“®8® results as well as the cause of and a proposed 

solution to the bias level sensitivity problem. ^ 

1 in**'?1'1?,’ ”The Jet Defleclion Proportional Amplifior," 

¡ »;; • pr"'nt',! “ioth 

Griffin, W.S. and Gobben, V.D., "A Proportional Fluid Jet Amplifier with Flat 

Nov^eî°l969araCterl8tlC8 ar‘d it8 Apollcatlon t0 Gain Block," NASA TM X-1915, 

Preceding page blank 7 





Flgu-e 2. Schematic of Griff1n-Gebben (NASA) turbulent proportional amplifier. 
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In addition, a theoretical discussion of the dynamic response of 
the amplifier is given and future work needed to make the element 
useful to the system engineer is outlined.

2. LAMINAR JET AMPLIFIER CONFIGURATION AND CHARACTERISTICS

The shape of the iciminar propr . Ticna! »T>niifier is given in figure 
3. This design overcomes the pressure sensitivity to bias level by a 
geometrical change in the control nozzle structure and by properly 
staging the supply pressures. The 2unplifier has single-stage pressure 
gain greater than 15 (fig. 4), good saturation characteristics, and 
low noise.

Figure 3. Photograph of present design of laminar proportional amplifier.



£ 
•o 
o 

0.3-1 

£ 

-0.2 - 

NOISE Î-EVEL AT ÛR ■ O 

P* *0.5 kPq 

W4* i mm 
h «0.5mm 

-0.3 

-0.02 -0.01 0.0 001 0.02 0.03 

AF> (kPo) 

Figure 4. Single-stage pressure gain and dynamic range. 

The element was designed so that the input is isolated from the 
output loadin' . In figure 5, the input characteristic has been re¬ 
corded for an undeflected supply jet (no difference between input con¬ 
trol pressures). The characteristic is shown for blocked and fully 
open output areas. The characteristics are identical except in the 
negative pressure range, which is not used in staged amplifiers. This 
shows that the input characteristic is decoupled from the output load. 
The characteristic is also rather linear over an appreciable range, 
which simplifies the analysis. The need to operate these amplifiers 
so as to have the same interaction region flow field in all element 
stages cannot be overemphasized if these are staged for large dynamic 
range and a smooth gain curve. 
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The dynamic range of this particular element is greater than 1200 
for a bandwidth of 20 Hz, which is the bandwidth of our recording in¬ 
strument. The actual recorded data are shown in figure 4. Additional 
measurements with wider bandwidth instruments are being taken, but 
results are not yet available. 

The design of a pressure field laminar jet deflection amplifier 
rather than a momentum exchange design has resulted in a significant 
increase in dynamic range, even though the lack of supply flow condi¬ 
tioning (i.e , regulation of the input flow and the effects of the am¬ 
bient testing environment) still limits the results. Our visualization 
study on a large amplifier model shows that a pressure field effectively 
deflects the laminar jet without disturbing its flow field; but for the 
same jet deflection, a momentum interaction design introduces noise. 
Although our results show the pressure field approach to be very effec¬ 
tive for laminar designs, it creates more noise in turbulent flow be¬ 
cause of '.he unsteadiness of the entrained shear layer near the down¬ 
stream edCjB of the control nozzle structure. In turbulent flow, the 
momentum exchange design appears less noisy. 

uMmmrnm .......... 



! 

The steadiness of laminar flow shows great potential for an even 
larger dynamic range for this type amplifier.; More important, laminar 
flow can be scaled; therefore, large scale models oan be used effectively 
for design and testing and the results can be usád to build amplifiers , 
of a size for use with any fluid. For example, an element using this 
design has been tested using hydraulic oil. Its gain characteristic is 
shown in figure 6. The element was also tested with air at the same 
Reynolds number and it has a sunilar gain characteristic. This result 
is very important, since it shows that our designs are not limited to 
the working fluid in which they were tested. 

i i '1 

Figure 6. Single-stage pressure gain o' laminar proportional amplifier 
operating In oil. 
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3. REYNOLDS NUMBER RANGE FOR LAMINAR JET AMPLIFIERS 

In laminar flow elements, the Reynolds number describes the flow 
similarity between similar units; consequently the proper definition of 
a laminar flow field Reynolds number is essential if experimental re¬ 
sults are to be compared and models scaled. For this reason, an experi¬ 
ment was conducted "-o determine the characteristic dimension of the 
laminar amplifier's flew field. The element d^pth was chosen as the 
parameter to be studied, because laminar free ]vts do not normally exist 
at Reynolds numbers of 1000 to 2000, indicating that the influence of 
the top and bottom plates must be important. (Griffin and Gebben2 also 
used channel depth as the characteristic dimension in their definition 
of the Reynolds number although no justification was given.) The ex¬ 
periment was perfer-ned using a commercially available laminated propor¬ 
tional amplifier made with 0.1-mm-thick stainless steel laminas. By 
stacking these leuninas, proportional amplifiers were made in depths in 
muttiples of 0.1 mm. The amplifier's blocked output presture gain was 
measured for each element depth. Figure 7 shows a plot of the pressure 
gain as a function of Reynolds number (Ke) which is based on channel 
depth. The data show that if the Reynolds number is based on channel 
depth, the pressure gain versus Reynolds number gives essentially a 
single curve, indicating that the channel depth is a meaningful char¬ 
acteristic dimension. Similar tests were perforr^d on the laminar 
proportional elements of HDL (Harry Diamond Laboratories) design, and 
the same definite trend was noted. 

The choice of this characteristic dimension 'depth) appears logical 
since the amplifiers have channel depths much smf.ller than their plan 
view dimensions except at the nozzle exit. For the most part, the flow 
field is developing and the depth is the chararteristic dimension. If 
fully developed Poiseuille flow existed in the amplifier, then the scal¬ 
ing dimension would have been based on depth squared divided by the 
downstream distance as in Hele-Shaw flow. In the internal flow field of 
the amplifier, the depth velocity profile is developing; but since 'he 
data indicate that the channel depth rather than deptn square is the 
characteristic dimension, the essential parts of the flow field are not 
fully developed in the depth dimension 

The aspect ratio of the nozzle infl’iences the operating Reynolds 
number range as does the condition of the supply flow. However, for 
aspect ratios under unity, the depth appears to be of primary influence 
and is thus the characteristic dimension. 

i Tests conducted on our elements have shown that a suitable operating 
Reynolds number range for an aspect ratio of unity or less is 700 to 
1800. Test results on elements with aspect ratios of 2.0 and 1.5 also 
followed the same trend, but it is reasonable to assume that as the as¬ 
pect ratio become* greater than unity, the use of the depth dimension 
as the characteristic length is less accurate. 

■Figure 8 shows photographs of a large scale water model (earlier 
design configuration) using dyed supply jets having Reynolds numbers 
¢^1 300, 975, and 2150. Since the jet shown (fig. 8b) operating at a 
Reynolds number in the proper range (975) is very quiet, amplifiers 
operating with kind of jet flow should have a large dynamic range 
potential. 

The Reynolds number range is limited by surface shear and by trans¬ 
ition to turbulence. At lower Reyno ds numbers, shear losses from the 
top and bottom plates reduce signal gain (for this plan view structure; 
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Figure 7. Variation of pressure gain versus Reynolds number with channel 
depth h as the characteristic dimension. 

by forcing the jet to spread as shown in figure 8a and diminishing its 
centerline velocity. At higher Reynolds numbers, turbulence is en¬ 
countered in the flow, as shown in figure 8c. This is evidenced by a 
large increase in eddying visible in the photograph. From these photo¬ 
graphs, an estimate of the operating Reynolds number range for the 
proper laminar amplifier operation can be obtained. 

Pressure measurements made in the control nozzle chamber (with 
blocked inputs) anew that the control pressure is positive at very low 
supply pressures for an element configuration such as that of figure 3. 
This implies that the flow at the jet edge spills back into the control 
nozzle chamber. As the supply pressure is increased, this positive 
pressure reaches a maximum value and then gradually decreases, becoming 
negative. The Reynolds number at which the blocked input control pres¬ 
sure is zero varies depending on nozzle design and is a subject for 
more research. 

Ml mum 
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F1gur« 8. Variation of Jet flow characteristics with Reynolds number, V4_h/v.

This approximate definition of the proper operating Reynolds number 
range can be used with different element depths to defin* an operating 
supply pressure region for laminar jet amplifiers as is shown in figure 
9. Element depths of 0.1 to 2 nan were arbitrarily selected. For the 
minimum and maximum depths shown in figure 9, the ratio of maximum 
to minimum supply pressure is 2500. For maximum dynamic range, the 
power supplies of each successive stage must be increased by the fac­

tor of the pressure gain so that all elements saturate simultaneously. 
From figure 9, the last stage to first stage power supply ratio is 
the gain of n - 1 stages. Therefore, for maximum dynamic range, the 
total gain possible is 2500 times the gain per stage, or 25,000 if 
the single stage gain is 10. If more pressure gain per stage is re­

quired, the element depth limits must be increased or the dynamic 
range of the staged amplifier must be reduced. Operation below the 
proper Reynolds number range is inefficient even though some gain 
could be obtained.

The definition of an operating range for laminar eunplifiers is a 
significant accomplishment; fluid devices can now be staged, scaled, 
tested, and analyzed in detail. Also, the problem of building staged 
amplifiers is greatly simplified, since the decoupled amplifiers oper­

ate with one flow field, and this flow field operates properly within 
a selected Reynolds number range.
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Figure 9. Variation of supply pressure P+ versus Reynolds number with channel 
depth as a parameter. 

4. STAGING OF AMPLIFIERS 

Two significant factors are used in our staging of laminar propor¬ 
tional amplifiers. The first is the use of output decoupling, and the 
second is the determination of the Reynolds number range for proper 
amplifier operation. 

The use of decouplers has effectively isolated the amplifier's in¬ 
ternal flow field from low frequency downstream load variations. They 
permit the component designer to concentrate on developing the most ef¬ 
ficient receiver arrangement and to set the operating point without 
worrying about the effect of the next stage. 

The determination of a Reynolds number range for amplifier operation 
permits particular elements to be designed for each operating stage. 
Particular elements fcr each stage are necessary to maximize the staged 
dynamic range and to reduce pressure gain sensitivity to control bias 
level. For example, if every amplifier is operated from its threshold 
level to its saturation level, the full dynamic range of a staged gain 
block is being used. Tc accomplish this ideal staging, the power sup¬ 
ply pressure of successive stages must be increased by the factor of the 
pressure gain of each stage. This means that if each is 10, the power 
supply pressure for each succeeding stage should be increased by a fac¬ 
tor of 10 to maximize the staged amplifier's dynamic range. 

17 



Amp}iui?rs can be built to operate in the proper Reynolds ..umber 
range with increasing supply pressures by decreasing the deptn of each 
succeeding stage as described previously, a reduced dynamic range can 
be illustrated by assuming that identical amplifiers were staged using 
the same supply pressure to each stage. A small deflection of the 
first stage's jet stream would cause the last stage's jet stream to be 
deflected to saturation. Therefore, only a small part of the first 
amplifier's dynamic range is being u^J. Of course, if the later stages 
increased in size, this efttct could be avoided; but the fabrication of 
the same element plan view configuration is more economical. 

In developing amplifier staging criteria, the designer has several 
options. Elements can be staged using an identical plan view structure, 
or the elenents can be increased in plan view size. The amplifier's 
operating Reynolds number can be held constant for all stages or in¬ 
creased in the allowable Reynolds number range. Finally, amplifiers c*n 
be staged for maximum pressure gain, maximum flow gain, or maximum power 
gain. 

In order to discuss these designs, two alternative relationships are 
defined. These are the definitions of Reynoldí numbers and input-to- 
output admittance ratios o' these amplifiers. 

The Reynolds number is defined as 

where 

V+ * the average supply jet velocity (m/s) 

h * element depth (m) 

V - kinematic viscosity (mJ/s) 

This can be written as 

Re « h/P^ 

where 

+ = supply jet pressure (kPa) 

(2) 

It should be noted, as was discussed in detail earlier, that the 
Reynolds number is based on the fluidic element’s depth. Experiments 
have s. own that operating range of these proportional fluidic amplifiers 
is in the Reynolds number range of 700 to 1800. 

The mput-to-output admittance ratio is important to assure that the 
staged elements will have a maximum dynamic range. The pressure gain 
available to the next stage must be used to determine the supply pressure 
of the next element. The staging efficiency can be written as 

G 
P 

■ Rl.n+1 
i,n+1 + R o ^+, n 

(3) 
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where 

G 
P 

* elements' pressure gain for blocked output area 

R ■ resistance 

Yi,n+1 " g- ■ input admittance for the n+1 - -- * input admittance for the n+1 stage 
Ri,n+1 

« supply pressure for the n-th stage (kPa) 

* output admittance for the n-th stage output admittance for the n-th stage [roViM*®-®) 1 

* input admittance for the n+1 stage [m /(kPa-s)] 

p+ n - supply pressure for the n-th stage 

p^ » supply pressure for the n+1 stage (kPa) 

This admittance ratio [Y0,n/(Y0,n + Yi,n^’)] i® important if these ele¬ 
ments are to be staged for dynamic range. If the admittance is defined 
for zero frequency, using orifice relations, the supply admittance can be 

written as 

(4) 

where 
Y+ * admittance of the supply nozzle (m*/(kPa-B)] 

w+ - supply nozzle width (m) 

h * supply nozzle depth (m) 

p - fluid density [(kPa-s2)/m?] 

Q+ ■ supply flow (m’/s) 

If Y* and Y0 of a given element are normalized to Y+ (the supply 
admittance), then by comparing supply admittances from stage to stage, 
a comparison of input or output admittances from stage to stage can be 
made. Defining Y+ n+i in terms of Y+,n and assuming incompressible flow 

(5) 

Using the Reynolds number definition and an orifice relation for supply 

flow, this becomes 

(6) 

The input admittance of a given amplifier can be written in terms 

of its output admittance 

Yi,n “ kYo,n ^ 

where k is usually less than unity. 

be written 

The admittance now 
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where 

m ■ the number of parallel elements in the driven stage. 

If elements are being staged for pressure gain, thi» admittance 
ratio is made to approach unity and m = 1. For maximum power gain, 
this ratio is set equal to 0.5 (for linear characteristics), and for 
flow gain, this ratio approaches zero and m > 1. From equations (3) 
and (8), for pressure gain (m = 1), the supply pressure ratio can new 
be defined as 

p+.n+l * G. k(Rer) (wr) (9) 

Í 

where 

Re, Re.n+1 
n 

and yt.atl 
w+,n 

Consider now the design of a pressure gain stage. Assume that 
G- * 10 and k = 0.5 (from measuremen's) 

Reatl » y.t.atl « ! . 
R«,n w+>n ' 

then 

p. » £±jJ±1 . 9.5 
,r P* „ 

Then for constant Reynolds numbers, the 
1//Í.5 = 0.3208. Therefore, the proper 
hr « 0.32 for maximum dynamic range. 

This :.iay be too much of a change in 
ily fabricated. If the Reynolds number 
Reynolds number ratio of 1.5 per stage can be used (i.e., 80Õ, 12Õ0, and 
1800 for three stages). This increases hr from 0.3208 to 0.4812 or ap¬ 
proximately one half. Higher Reynolds number ratios are not possible 
because of the limited range of Reynolds numbers for proper operation. 
The range is limited by jet stability at high Reynolds numbers and by 
low gain at lov’er Reynolds numbers. 

The designer may need a power amplifier rather than a pressure gain 
block. For maximum power transfer, the admittance ratio, from data, 

= 0.6 is the maximum power point. 

The supply pressure ratio P+,r is then 0.6Gp, or 6 if the pressure 
gain per stane is 10. Since the next stage will have a higher supply 
pressure, the output must be used to drive multiple succeeding stages 
to achieve maximum power transfer. From equation (8), m, the number of 
parallel units in the driven '.tage, can be defined as 

20 

and let 

height ratio hr (« hn+]./hn) is 
staging has P+r - 9.5 and 

depth between stages to be eas- 
range is sufficiently large, a 



(10) 

since the admittance ratio 0.6. 
the number (m) of parallel units 
In summary. 

P+,r - 6; m - 2; h 

for maximum power gain. 

For maximuir flow gain, defined as flow gain when pressure gain is 
unity, P+>r “ 1 and the admittance ratio 

1 

so that 

(ID 

If Gp - 10, k « Rer - w+1 r * 1, then m *■ 3 for maximum iiow gain. These 
three approaches are summarized in figure 10. For pressure gain alone 
(flow gam unity), m = 1 and P+>r is determined essentially by blocked 
output pressure gain. For maximum power gain, the admittance ratio is 
set equal to 0.6 (maximum power point on output characteristic). This 
sets the supply pressure ratio at 0.6 times the blocked output pressure 
gain. Using this, m is determined from the admittance ratio definition. 
For maximum flow gain (pressure gain equal to unity), the admittance 
raj °v1S Se^ e<îual to the reciprocal of the blocked area pressure gain, 
and then m (the number of parallel elements in the driven stage) is de¬ 
termined from the definition of the admittance ratio (eq 8). 

5. DESIGN 

In figure 3, the laminar jet amplifier is shown. This design in¬ 
corporates two changes of the model of Griffin and Gebben.2 First, to 
reduce the output admittance, no center dump is used; second, the dis¬ 
tance between downstream edges of the control nozzles was reduced from 
2.5w+ to 2.0w+. The element of figure 3 has the following normalized 
parameters : 

Control nozzle * 4w+ measured along the jet boundary 

Distance to splitter 
from supply nozzle exit * 8w+ 

Receiver width * 1.5w+ 

The importance of these dimensions will be discussed in the analysis 
es Ä/~» 4- •* * section. 

The element in figure 3 was fabricated in 0.25 
1.0-mm depths. Each element was individually tested and'provided a 
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(a) PRESSURE GAIN 

(b) FLOW AND/OR POWER GAIN 

Figure 10. Staging method. 

blocKed output area pressure gain of about 14. Figure 11 shows the 
pressure gain characteristic of a three-stage pressure gain block. 
The pressure gain is about 1000 and the saturation characteristic does 
not reverse. But there is a null shift in the gain curve. This is 
probably caused by mechanical bias in the elements. Figure 12 shows 
the interconnection operating points for stages 1 and 2, and for 
stages 2 and 3. The actual staging efficiency (ratio of staged pres¬ 
sure gain to blocked output area pressure gain is 0.75 for both 
couplings between stages. This efficiency is lower than expected, 
probably because of line loss in the tubing used for interstage coupling. 

The staging efficiency was shown (sec. 4) to be calculated by the 
ratio of output admittance to total admittance. Using the Reynolds 
nunber ratio, the supply pressure ratio, and the input-to-output admit¬ 
tance ratio, the staging efficiency can be calculated. 
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Figure 12. Input and output characteristic of the gain block. 

Staging Efficiency 
staged gain 

blocked output gain Yn + Yi 
(12) 

“ 1 + kRer/P+>r 

for identical plan view devices. In figure 12b, the input and output 
characteristics of a model element for the 5"™n.fePth.i®. 
scales are normalized to the supply pressure and flow of this element. 
Tin- jurut characterictic of the 0.25-mm driven stage (same model) is 
superîmposedonthis figure. We have k - 0.63 (i.e., the element's 
input-output admittance ratio) in figure 5; the output characteristic 
intersects this element's input characteristic at 63% of the clocked 
output area pressure; the P+ ratio of 1/0.185 and a Reynolds number 
ratio of 1.162 were used in the test. Combining these, the staging 

efficiency is 

1 + (0.63)(1.162)(Ö.ITC)' 
0.88 (13) 
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a polynomial ofb®caU8e k is not con.tant. If 
output data of figure 12b °th@ hpst- f t f^tted to fc^e normalized and figure 12b, the best fit is(Qo « 0.409 - 0.580po - 2.182p§) 

3Qo 
3Po 

- -2.0 
Eo_ , 

Po.max 
0.9 

IflL 

■o,raax 
is set at 0.9 since this is close to the actual operating 

üKs «s s.^ 

sst.“,Ä-Ä!ia!aS!Ä,wst!.s ~ 
1 s el?ment dePth ratio of 0.5 and a Reynolds number ratio of 
.5, the supply pressure ratio from stage to stage should be 9 'rho 

data of figure 12 was taken for supply pressure l a . * 

M: cSSêct”«^! òí1^5- Tíese "ere ••‘fobiiiSä ;e- 

io.a..th!„^4:5SerÆ: ns ?rs,ure 

for pressoro g.i„ „aa’the goïï ïïïci ií ire,a"jy„e^"èrn“he8t>5in9 

siíed lS5nUmFoí aatl° t0 Stage WaS ^^625 rathe^ thín the de¬ 

duces the dyna^ic íaígeeP Íhea5í^t ^^6386 Reynolds number ratio 
1.75 per stage 36/5 4?'^ Î n?ye furange ÍS aPParently reduced by 
stage dynamic ringe 1200 ÎuÎïistïïï'J assembly- Individual 
be about 400, which is ?he íaíio ¿f 3 8 
stage these elements. k 8 needed to properly 

staging^r^maximum^flow^gain ^g^" 11 "TT P°“" 
refined and the necessary depthf^K'n'i yet avauS!ê‘ 3tU1 bein5 

6. ANALYSIS 

ment preSrgaïn'.^trïfïus ¿Ins^tÎvuÎ'Indl de»“d— »f el. 
on the geometrical structure Reynold* nnmha' d frequency response 
The analysis is line« for estSS^Í «f ^ff' 3nd Supply Pressure, 
the null. r estlmates °f small signal response around 

in flg^eTir^Ä “'t^^ieSiÄ-^pÄ'ir 

ía^e^^íe^^crÍo^SIt^irSIelrSi tÏ™ 
deflection due to the pr^r^n 

The sum of flows in one of the control volumes is given by 

Yi<pi “Pi) - Qe - Y 1^1 YcPi (14) 
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P* 
Q* 

Figure 13. Control volume used 1n analysis. 

where 

Yi(Pi 

YlPl 

26 

Pj) « input flow dn one side (m’/s) 

* control volume outflow (m!/s) 

* input admittance [mJ/(kPa-s)] 

* control volume output aomittance [m’/(kPa-s)] 

* capacitive admittance of jet configuration [mJ/(kPa-s)] 

= input pressure (kPa) 

* control volume static pressure (kPa) 

* entrained flow (m’/s) 
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i I 

t.nc^i.^KuïÂ'tÎÎ Tt'.rïï Îî“,th” COntr;1 v®luBle ouip« adinit- 

S.irtr/sïr"1- Thi’ o' tï: rd of 
herefore th® area modulation effèct can be written as 1 yP*' 

[10 

where 
(1 * ^)' 

(15) 

Y10 " control volume output admittance for Ayj - 0 

Ayi 

" Widtï dffined by jet boundary and downstream 
edge of the control nozzle structure 

i 

" îoîzîr di8placem#nt at the downstream edge of the control 

For convenience, the admittances 
ating point admittance Y+, which is 
ply pressure. Normalizing, we have 

are normalized by the supply 
the supply flow divided by the 

oper- 
sup- 

Since 

we have 

where 

h 

w+ 

P 

- the depth of the unit 

- the supply nozzle exit width 

■ the fluid density which is assumed constant 

(16) 
I 

I 
! 

I 

(17) 

th. HÏt’oTlÏT^ÎT P«««, between 
in this model. Taking the difference of íhm°fTntUmKflUX Í8 "eligible 
u.ln, equation« ,14, °d £ 

’.•«i - - «,o(íèj-) <PU * P„, -?I0,1 a . 7c4Pl • u„ 

I 

where 

7C * compliarfbe admittance of jet 

P11 ■ control volume pressure on side 1 , 

Pj2 ■ control volume pressure on aide 2 
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and the admittances are normalized with respect to Y+. This assumes 
that the difference in entrained flow is negligible. The non-linear 
output admittance results in a sum term as well as a difference term 
in control pressure. 

Defining 
Yt - Yt + Y 

then from equation (18), 

101 + (¾) ] + Yc 
y 

yt 1 2(sf) (¿T1)15!! * (19) 

The jet is deflected by the difference in control volume pressure along 
distance (fig. 13), the effective length of the control volume; then 
it continues in the direction it has attained at the end of the control 
volume, as shown by the deflected jet centerline in figure 13. 

The angle the jet makes with the amplifier axis at the end of the 
control volume is 

e 
2 (20) 

The lateral displacement of the jet at the end of the control volume 
for a constant pressure difference is 

A7i « ^ aP (21) 

(APi is normalized with respect to P+; AJi and the effective length of 
the control volume, Ti, are normalized with respect to w+.) Fubstituting 
equations (21) into (19) and eliminating ylf one obtains 

APi 

1 ♦ ^ * F,2I 

(22a) 

If 

F11 ♦ ^12 2Pi 

assuming a push-pull control pressure signal, then aPx can be written as 

1 ' 

(This bias level of Px determines the pressure difference, AP,, from an 
input signal, aPx.) l 

The total jet deflection, Ay^., at the receiver entrance plane is 

AyT - A7X + T2e (23) 
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Dropping the bars and using equation (22b), the total jet displace¬ 
ment at the entrance to the receiver is then 

• fe». 

The difference in jet pressure available at the receiver entrance, 
AP0, is found by multiplying AyT by the quotient AP0/AyT. By estimat¬ 
ing this quotient from experimental data on many receiver configura¬ 
tions, the pressure gain is obtained as follows: 

Pressure Gain 
[WjJ i + K1P1 

(27) 

where 

Ll2 
wi (?)• the bias coefficient. 

If AP0/AyT is taken as 1.0, (i.e., 4w+), HT = 8 (i.e., 8w+), 
and from input measurements of an early model amplifier, Yí/Yt for zero 
frequency is 0.7 and Yiq/Yt = 0.3; since measurement of the pressure 
and flow out of the control volume indicate wx = 0.20 (0.20w+), the 
pressure gain is estimated to be 

APn _ 7.56 
ÄP7 I + 24p, (28) 

In general, it is easier to maasure Pi rather than Pi,- therefore an 
expression for Pj in terms of Pt is substituted in this equation. 

pl - pio = (pt - Pio>7f 
IT 

(29) 
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This equation is obtained from experimental data and is shown schemat¬ 
ically in figure 14. The negative pressure, where Pj - Pi, is for a 
seaied inlet and is due to jet entrainment, and is defined as Plo. 
Substituting this expression for Px into equation (27), the pressure 
gain can be expressed as a function of the inlet pres mre level in 
equation (29); therefore, for u> ■ o we have 

(30a) 

(30b) 

!> tor 

data by 
a function of 
(30) are good 

ure gain figure 

PRESSURE 

Figure 14. Input characteristic. 
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20.0-1 

O HELLBAUM'S DATA 

-EQUATION 6.17b 

6.1 Amplifier Gain 

The pressure gain given by equation (27) for a zero bias pressure 
(Pj) level is 

s - -1) £ (31a) 

For the amplifier of figure 3, 4, fT*8, and Yi/YT - 0.9. Sub¬ 
stituting these values into equation (31a), the pressure gain is calcu- 
alted to be 

(¾ (10.8) (31b) 

The measured pressure gain, however, is about 14 to 18. If our 
scale factor is correct, this implies that P0/ Yx > 1# which is un¬ 
likely. If we have a two-dimensional jet at the receiver, this coeffic¬ 
ient would be about one. It is more reasonable to suppose that the jet 
is deflected more by the control pressure than our scale factor indi¬ 
cates. The jet deflection must be 1.7 times that predicted. This in¬ 
creased deflection results because the momentum flux from the supply jet 
is actually less than that calculated on the basis of the pressure dif¬ 
ference across the power supply nozzle. 

31 



Drzewiecki (of HDL) has used the Karman-Pohlhausen integral method 
to calculate the boundary layer thickness for the supply nozzle used in 
this amplifier. (His analysis for discharge coefficient shows very good 
agreement with experiment.) His results showed a discharge coefficient 
ot 0.587 for this element which agrees with experiment. If this method 
is applied to the momentum flux, a momentum flux discharge coefficient 
of 0.452 is calculated. Therefore, the supply momentum flux is reduced 
to 45.2% of that associated with a perfectly square profile, and conse¬ 
quently the scale factor must be multiplied by 1/0.452 or 2.213. There¬ 
fore equation (31b) becomes 

(31c) 

The decreased momentum means that the jet is softer and bends 
further than expected for a given control signal. If the jet does not 
spread too much, the output pressure gain (blocked output area) can in¬ 
crease, but the element has a lower output admittance. This results 
from the rather developed velocity profile at the receiver entrance. 
Also, the jet compliance is increased because there is more displace¬ 
ment for a given control signal. At lower Reynolds numbers, the re¬ 
duction in available output is caused by jet spread so that receiver 
characteristics or the scaling coefficients need to be revised to in¬ 
clude this effect. However, if we limit the Reynold^ number range 
(as discussed in sec. 2), thir complication can be avoided. 

Since laminar jet analysis (two-dimensional) shows that APo/Ayr 
can approach unity, then pressure gains of up to 23.9 can be expected. 
Blocked output pressure gains of about 24 have been obtained in the 
laboratory; however, gains of 14-18 are normally measured when care 
has been taken to assure that the control bias level is zero and not 
negative. This means AP0/AyT* 0.75. 

6.2 Control Bias Sensitivity 

The bias sensitivity is dependent on the area modulation of the 
control. This sensitivity is determined by the bias coefficient Kp 
or Ki, depending on the definition of bias level [i.e., the Pi or P, 
coefficient in the numerator of equation (27) or (30a)]. If the 
average control bias level is positive, these coefficients reduce the 
pressure gain. If the bias level is negative, the gain is increased, 
which can account for some of the high gain measurements. Typically, 
the output of the driving stage sets the bias level for the driven 
stage, and Ki or Kj must be reduced to maintain the pressure gain 
Gp0. If Rx is an orifice type resistance, then a reduction of wlf 
the width of the orifice spacing of the downstream control nozzle 
structure from 2.5w+ to 2.0w+, would reduce Kj from 33 to 12.7. These 
numbers are of course approximate and depend on the input operating 
point. With a reduced Ki, amplifiers have been successfully staged 
without a significant gain reduction. 

A commercial amplifier was tested and found to have about 1 per¬ 
cent of the bias sensitivity of the element shown in figure 2. This 
is attributed to the reduction of the control nozzle width squared 
UlT from 16 to 2.25 and the reduction of the outlet spacing between 
the jet and the edge of the control nozzle, which determines the con¬ 
trol volume outlet orifice, from 0.75 to 0.25w+. This means their 
wx was very small; therefore, it is not surprising that the value of 
Kx is very small. In our study, wx has not been reduced further to 
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of the A 9ain-maximum deflection product 
should be considered in selectirg a proper spacing for w®; Pruduct 

with^fV^r^I^Î Pre®;u5e gain-pressure bias data curve 
. .. 0.35. Their is small because their let waq t* irHniún*- 

îïf ^ere!°re 14 8Pread "'O”. reducing the eftîcuï. ,L™g SÄ 
the downrtreajn control »true*ure and the jet loundary. 5 

on nnn1#!*11^4011 5° reduce bias sensitivity by reducing wi denends 
TdeSrease ií ;OUSoWl ““í141"« »" »rifice char.cteriltïj, so “Sit 
a aecrease in wi decreases Ys more than it increase« 1/w, t-ui- 

nitídro^Ü/or K**L(í^'nür reHÍKt0r) ch*racteristic^ then the mag- 
eífec? cín äe0re5iced Ter iSî^.^bï^ï™Vf: The “î“ «”-44ivity 

” ^TiiTTAieTii mr- 
6 • 3 Estimate of Dynamic Response 

«-h- I'1* dYnamic refPonse of this amplifier appears to be limited bv 
the dynamics astociated with the deflecting control pressure fielS wmmmmrn 
field, th?cS«¿l ™l^“ñÍ!yÍÍÍ ?r“ÍÍ.reSPOnSe °f 4he 00n4l°l 

The control volume analysis is valid for small signals with svm- 

comnieshi?P V?OU"d 3 9ÍVen leVel* The flow is assumed to be ÏÎ- 
compressibie and laminar. Symmetry allows one to analyze only one co*'- 

ÍVlV0^U?eI iftheT than the difference set, to estimate the dynamics 
the^et'defîerîînf1"9 fleld-. Th® cont^l volume analysis shows that 
t . ]et deflection pressure is the admittance ratio Yd/YT times the 
input pressure signal. Yj/Yt is a simple RLC T-ietwork, but the 

The^itio3^ dvnami°re COmplex bY a n°n-2ero control bias level, 
giveí ÏÎ dynamic pressure gam to zero-frequency pressure gain is 

(fr4 i 1 

(«i +»i; r’U 
'LiRit LiR^ 

, Ri + Ri y 
1Cs2 + 1 s + 1 

(3D 

where 

»; - »1 (i ♦ [¿ 

(1+^Pi) {f-c^r Li = Li 
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Pj = bias control pressure 

ll - control nozile width 

Wj^ - effective outlet width 

s ■ Laplace operator 

u> * frequency 

L - inductance (inertance) 

R * resistance 

C * jet capacitance (compliance) 

In analyzing the control volume network, it is helpful to normalize 
the parameters by the supply pressure, the supply flow, and the supply 
resistance (P+/Q+ at the operating point). In scaling the equations, 
time is normalized by dividing by w+/V+ defined as t+—one nozzle width 
transport time. When the network parameters are so normalized they 
become 

L * 2t/w : l is inductive channel length and w is the channel 
width 

C * 1^6 : * t1/w+, the control nozzle length along the jet 

R - VR+ * RQ+/P+ (33) 

and 

t - t/t+ 

The values used for these parjuu^ters in the calculation were 

10 

= 4 

C 

(C 

23.45 R. *» 0.9 
(34) 

19.66/0.452 where 0.452 is Wt » 0.1 
normalized momentum flux 
of jet stream.) 

The frequency response for these parameters is shown in figure 16. 
The time scaling parameter, t+ * w+/V,, is used so that the frequency 
is scaled by V+/w+. The average supply jet velocity, V./w+, is the 
Bernoulli dynamic velocity multiplied by the discharge coefficient. 
The effects of (slightly positive and slightly negative) bias pressure 
are shown. The positive bias level increases the damping, and a neca- 
tive bias decreases the damping. The frequency response of all ele¬ 
ments of this same plan view operating in the laminar regime can be 
estimated using this figure within the accuracy of the circuit param¬ 
eters and the validity of the assumptions (i.e., no receiver (or vent) 
effects]. In equation (15), the out,.t adnittance Y, is defined as 
Wl + (Ay/wi) z]. For small sigr.a? analysis, Ay2 << wj^ and the ef¬ 
fect of area modulation is limited co the cross product term that re¬ 
sults in the bias sensitivity of the amplifier. However, if the ampli¬ 
fier is overdriven or driven by signale large enough to cause Ay/wi - 1 
then Yj = 2Yjq. The effect of this is to increase the damping in the 
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¿ 0.5 0.375 095 

THEORY: EQ. 6.3.10 

- UNDEROAMPED 
- OVERDAMPED 

i. 0004 0.01 0.02 0.04 OJ 

NORMALIZED FREQUENCY (FREQ xJKl) 
V* 

Frequency response of laminar proportional amplifier 

Tltrcl forT8e-, ThiS iS intere»tinç eince when the in 
1 But Li il i°. ir?qU*n^y' device ha8 8 saturation 

Í f itJi d5iven by a iarge sinusoidal input sign 
vsïei inn?TerJamped' uhese Characteristics are desirabl 
y tem applications. The effect of overdriving the amoli 

“ operating with a po.itiv. bias Uve ?5i?e ,T^r 
nse as shown in figure 16. 

1 Toda, K., Roffman, G.L., and Talkin, A.I., "Fluarica 30. The Hatched Acouaf 

sdí:t;õa153^* De eB,ber 1971*Harry Di“ond uboratori*8 « 

nain«1?»?16 11 fh°ws the amplitude response of the amplifiers (fio 3) 

r.d* tr;?™*' h 0.25 mm, and w+ - 0.5 mm, h = 0.375 mm are shown. The 1- bv 
0.25-mm element operated at a supply pressure of s irD* ¿.oby 
slightly underdamped response of 600 to 700 Hz. The 0 5- bv 0 375 mm 
element operated at a supply of 0 95 kPa h*a á by ^- 375^ 
465 Hz, and is overdamped. * dynamic response of 
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Figure 17. Amplitude response of laminar proportional amplifier.



The discharge coefficient was calculated in each case and good 
agreement was obtained with experimental data. For example, at 

kf*' the average supply velocity is V+,aw - 50.4 m/sec since 
the discharge coefficient is 0.56. Therefore, for a noszle width 

" 1*0 n®1» v+,av/w+ “ 50,400. The cutoff frequency (fig.16) occurs 
in the vicinity of 0.011 to 0.012 times V+/w+. For V+ .v/w+ ■ 50,400, 
this yields a frequency between 550 and 600 Hz. For wl - 0.5 mm, 
h ■ 0.375 mm, and P+ * 0.95 kPa, the discharge coefficient is 0.59. 
For that case, we have V-f ,v/w+ “ 46,880 and therefore the cutoff 
frequency is 515 to 561 Hz. However, this element had high gain and 
it was almost impossible to operate with truly small signals and con¬ 
trol the input amplitude. As a result, this element was overdriven 
and its response appears overdamped. To demostrate scaling in fre¬ 
quency in figure 16, the amplitude and phase data are shown of the 
0.5 mm * 0.375 mm element and of the 1 mm x 0.375 mm element that 
operates at P+ ■ 1 kPa. The latter element has a roll-off frequency 
of 280 Hz because it operates at a higher supply pressure and has a 
higher discharge coefficient. 

The agreement obtained indicates that the models can be scaled. 
Other preliminary data taken for a 1 mm x i mm model (P+ ■ 0.25 kPa) 
has approximately the calculated bandwidth. These results justify 
the assumption that neglected the influence of the vent and receiver 
dynamics. However, it is still worthwhile to estimate the vent and 
receiver response. 

Using normalized parameters and noting that the jet momentum flux 
is 0.452 of a perfectly uniform profile, 

'Jv 
iv 

Ü7T5T 

llx. . 4 
wv 

neglecting damping 

LC„ ■ 12 and 1_ 
2*/nr « 0.0459 x li-av 

w+ 

This is a factor of 4.6 times the input response which is shown in 
figure 16 as 0.01V+>av/w+. 

The receiver response can be estimated in a like manner, for a 
5w+ x 5w+ x w+ volume. 

where 

amb 

Volume 

^aab 

25 

25 

0.7 

Y 

L 

ratio of specific heats 

21, 
w. 

- 8 
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Figure 18. Schematic of the Integrated gain block. 

LC is therefore about 5.6 and consequently the resonant frequency is 
0.067. This gives a factor that is 6.7 times greater than our calcu¬ 
lated normalized frequency of 0.01. These frequencies are sufficiently 
greater than the "scaled" 0.01 Hz to justify the assumptions neglecting 
them. Attached as table I is a calculated amplitude and phase for an 
equivalent circuit shown in figure 18. The calculated response of fig¬ 
ure 16 is for node 1 in this table listing. The output response is 
for node 2. The data listing shews that the influence of the receiver 
is small and does not influence the response until the amplitude is 
greatly attenuated. However, if a larger volume were used as an out¬ 
put port, or if the sup ly pressure were higher, the receiver response 
could not be neglected. 

In multistage designs where the supply pressure is increasing from 
stage to stage, the dynamic response is limited by the first stage 
(low pressure stage). For example, if P+ = 5, then the second stage 
average velocity V+ * /5 * V+ of the firsè stage, and the third stage 
V+ is 5 times the first stage. In table II, the gain and phase shift 
for three amplifiers of figure 18 connected in cascade are calculated, 
"’he inductance (inertance), capacitance, and resistance were calculated 
and were scaled by the square root of the P+ ratio, i.e., P+2/P+1 and 
P+3/P+I. These were 5 and 25, respectively. These results indicate 
the response is determined by the first stage element for the values 
given. We plan to confirm these results by experiment. 

UM . U. ..,.. .,1:,, „ I l 
MUíMÉMMIIIMIUÉI. 
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TABLE I 

Bode Plot Data for Proportional Amplifier with T Network Model for Control 

Frequency 

w+ 

Node 1 Node 2 

Amplitude 
Gain 

Phase 
(Degree) 

AmplItude 
Gain 

Phase 
(Degree)_ 

1.00000-03 
1.12202- 03 
1.2ÍJ893-03 

_ 1.412i>4-03 
ï•58 489-63 
1.77826-03 

_1.99526-03 
2.23872- 03 
2.51189-03 
2.81838- 03 
3.16228- 03 
3.54813- 03 

_ 3.98107-03 
4.46684-03 
5.01187-03 

_ 5.62341-03 
6.30957-03 
7.07946-03 

_7.94328-03 
8.91251-03' 
1.00000-02 
1.12202- 02 
1.25853-02 
1.41254-02 

> 1.53489-02 
1.77828-02 
1.99526-0? 
2.23872- 02 
2.51169-02 
2.81838- 02 
3.16228- 02 
3.54813- 02 
3.98107-02 

9.03214-01 
9.04068-01 
9.05144-01 
9.06500-01 
9.08209-01 
9.10364-01 
5.13081-01 
9.16509-01 
9.20835-01 
9.26298-01 
9.33197-01 
5.41913-01 
9.52923-01 
9.66817-01 
9.84307-01 
1.00620+00 
1.03326+00 
1.06590+00 
1.10314+00 
1.14051+00 
1.16587+00 
1.15537+00 
1.08035+00 
9.35600-01 
7.55681-01 
5.63978-01 
4.42347-01 
3.33241-01 
2.51388-01 
1.90406-01 
1.44909-01 
1.10816-01 
8.51331-C2 

->4.13349+00 
-4.69870+00 
-5.27875+OC 
-5.93237+00 
-6.66972+00 
- 7. 50267 + 30 
-8.44523+00 
-9.51434+00 
-1.07302+01 
-1.21178+01 
-1.37083+01 
-1.55415+Cl 
-1.76688+01 
-2.01585+01 
-2.31028+01 
-2.66295+01 
-3.05181+01 
-3.62:36+01 
-4.29U5O+01 
-5.14422+01 
-6.2376/+01 
-7.60303+01 
-9.19040+01 
-1.08299+02 
-1.23161+02 
-1.35388+02 
-1.4^979+02 
-1.52410+02 
-1.53194+02 
-1.62733+02 
- 1.66323 + 02 
-1.69171+J2 
-1.71433+02 

5.03411+00 
9.04317+00 
9.05456+00 
9.06896+00 
5.08703+00 
9.1C994+00 
5. 13876+00 
9.17514+00 
9.22107+00 
9.27909+00 
9.35242+00 
9.44513+00 
8.5O236 + 00 
9.71053+00 
5.89742+00 
1.01320+01 
1.04234+01 
1.07771+01 
1.11857+01 
1. 16066 + 01 
1. 19193 + 01 
1 . 16806 + 01 
1.11912+01 
5.78253+00 
7.995o9+ 00 
6.27319+00 
4.84476+00 
3.74192+00 
2.91540+00 
2.30315+00 
1.86301+00' 
1.526(3+00 
1.29077+00 

-4.30954+00 
-4.64014+00 
-5.43746+00 
-6.11047+00 
-6.0(.857 + 00 
-7.72694+00 
-8.69696+00 
-9.79679+00 
-1.10472+01 
-1.24736+01 
-1.41077+01 
-1.59699+01 
-1.61723+01 
-2.07239 + 01* 
-2.37380+01 
-2.7J432+01 
-3. 17203+01 
-3.71257+01 
-4.39202+01 
-5.25653+01 
-6.36652+01 
-7.74845+01 
-9.35476+01 
-1. 10161+C2 
-1.25275+02 
-1.37796+02 
-1.47734+C2 
-1.55580+02 
-1.61367+02 
-1.67034+02 
-1 . 71 426 + 02 
-1.75344+02' 
-1.791IC+02 



TABLI 2 

TMIOKETICAL WSULTS CE A T> VE-5TA6E SAIN ILOCK 

facquincy AMPLiriEA I 

Ampi. 
Spin 

Ah#«« 
In 

AHPUFIIR 2 

A^pl. 
í/’n 

In 
0^r«M 

AWLIFKR ) 

pl. 
Sain 

In 
Dpsrp 

I.OJO'IJ-OI 

I .fSH'H-O I 
ItOUAA-Üi 
1. A.HAí-fl-OÍ 
1.7?p?n-03 
l.9<(Sí¿-0| 
¿.íiat/-Oi 
2. M1II7-01 
?.fiUia-03 
3.1622^-0) 
3.S4AIÎ-03 
Î.93107-03 
♦.AP6PA-03 
5.0U37-03 
S.n2)Al-03 
6.30937-03 
7.077*6-33 
7.9*J¿rt-0J 
3.91251-01 
1.00000-02 
t.12202-02 
1.25393-02 
1. * 1256-02 
1.366P9-07 
1.77323-02 
1.99526-02 
2.23672-0? ' 
2.51119-0? 
2.31338-02 
3.16223-02 
3.5*813-02 
3.93107-02 
6.*6636-0? 
5.01187-0? 
5.623*1-02 
6.30957-02 
7.07966-02 
7.9*328-02 
0.91251-0? 
1.00000-01 

9.951*1*00 
9.9 31-9 7*00 
s.7?j.<3*nu 
9.70309600 
9.87960600 
5.6*923600 
9.n11 32600 
9.76* /-)600 
9.7071061)0 
9.6 36196(1(1 
9.5*952600 
9.***28600 
9.317*8600 
9.16606600 
«.98710600 
6.77 799600 
fl.53669600 
0.2619*600 
7.95317600 
7.61165600 
7.23P376O0 
6.83610600 
6.*0827600 
5.95916600 
5.*°*05600 
5.01902600 
*. 5* 102600 
*.06753600 
3.6061*600 
3.16395600 
2.7*711600 
2.360*9600 
2.00 7^86 CO 
1.68923600 
1.606 716CO 
1.15H92600 
9.**197-01 
7.60192-01 
6.0*1*9-01 
*.71079-01 
3.63911-01 

1.21393630 
1. 38051630 
1.6* 31 76 0C 
1.72)86600 
1.92725600 
2.1*26*600 
2.18233600 
2.6**1*600 
2. -2629609 
1.2276*690 
1.5*560600 
3,17637600 
*.21)09600 
*.5*7506 30 
*.8689)630 
5.16*77630 
5.*2117600 
5.62*176)0 
5.76115600 

-5.822*6600 
5.80281600 
5.70207600 
5.5252*600 
5.26l6?600 
*.983*0600 
*.6*309600 
*.27680630 
3.89*326)0 
3.50790600 
3. 12792600 
2.76*06630 
2.*25*8600 
2.12P85600 
1.65799« 00 
1.6*35)600 
1.*8262600 ' 
1.37892600 
1.33578630 
1.35*81600 
1.**287600 
1.61021600 

9.90722601 
'.86350601 
9.65)80601 
9.61668601 
9./7038601 
9./12/8601 
9.6912.)631 
9.5*2/0631 
9.**3/0*01 
9.3101.,601 
9. 1*758601 
8.95118601 
8.71609601 
8.93775601 
8.112)7601 
7.73753601 

.7.31282601 
6.8*039601 
6.32537631 
5.77592601 
5.20788601 
*.61911601 
*.038*76j- 
3.97*69.01 ‘ 
2.9*026*01 
2.**559601 
1.99839601 
I.6C1*2*J| 
1.2(258601 
9.75173600' 
7.38387600 
5.*782*600 
3.98C556CU 
2.831)1600 
1.97 0*116 30 
1.3*irr*00 
8.9 in 00-01 
5.78787-01 
3.65778-31 ' 
2.2*322-01 
1.32739-01 

2. *7) 75600 
2.76911600 
1.398376()0 
3. ***.1?60o 
3.869)2600 
9.31 7156 JO 
9.810 1*600 
5. 3*9 16600 
5.9)795600 
6.57210600 
7.25190600 
7.968*7600 
8.7152*600 
9.*777*600 
1.02)75601 
1.0^710601 
1.16500601 
1.22*28601 
1.2716*601 
1.30)50601 
1.31838601 
1.51321601 
1.28760601 
1.2*23*601 
1.I7F276Û1 
1.09916601 
1.008*0601 
9.10720600 
8.C8986600 
f. 089 98600 
6.137)0600 
5.26653600 
*.50126600 
3.85867600 
3. 3*858600 
2.976I26J0 
2.7*0*1600 
2.6*1w? 6 00 
2.67772600 
2.956996)0 
3.19727650 

9.88*67602 
9.8*52060? 
9.91831602 
9.77222602 
9.71*76602 
9.6*32363? 
9.55*52602 
9.*4*976-02 
9.3099*602 
9.1**9360? 
9.9**|*60? 
8. 70214 602 
0.*1329602 
8.07238602 
7.6755*602 
7.22089602 
6.709*3602 
6.1*57860? 
5.5397)602 
♦.90122602 
*.2*980602 

- 3.603*6602 
2.9819160? 
2.90)65602 
1.99*0160? 
I .*3)08602 
1.05730602 
7.55939631 
5.228676 01 
3.*9499601 
2.26509 «01 
1.*195*601 
8.5982263) 
5.0**68600 
?.965*9«t,0 
1.57570600 
8.)8219-01 
*.30673-01 
2.1)375-01 
1.00981-01 
♦.5**68-02 

2.58 76)600 
2.897116)0 
3.2*186600 
3.62515600 
6.0302-6600 
*.520*66)0 
5.03850600 
5.60666600 
6.22620600 
6.8963-1 600 
7.61650600 
9.37990600 
9.17853600 
9.99936600 
1.082*7601 
1. 1631*601 
1.23910601 
1. 30736601 
1.36*35601 
I.*0680601 
1.*317^601 
1.*3709601 
1.*21*9601 
1.38*996)1 
1.32887601 
1.25559601 
1.1686*601 
1.07223601 
9.70902600 
9.6925*600 
7.71571600 
6.915*96)0 
6.02)67600 
5.3(-126600 
*.8*370600 
*.*7971600 
*.27399600 
*.230*1 600 
*.35607603 
*.66705600 
5.197)5600 
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I 

SUMMARY 

portiSnaï*^pUfïertofferîVrîiaîïfiï*hr? 8hOWn that tn® laminar Pr«>- 
proportional^amolifiers iî ^ improvement over available 
?tyPto be stage^properly” ÍÍS SÍÍi^tTS'ÍSÍ^.^0 ^ abil- 

Eási!»ã:S^:l""S ' 
the operating Reynolds number is tírs^íf*0^18''1''8 are SimiAar when 

plan view of the eiomQ„?P m3ej and the physical size of the 

•nd »ome elements with o!5-JPpSiereÎ“zîe,wÎ5ïh8rÔpïï«r„ÏTnd 500 Hz' 

litto j-5 kp*h- 
nal level« of o!o002 kPa?6 re8ponse 18 typically 150 to 250 Hz for «1,- 

eure? S^aX^rÄl^.“*9;.^8* ‘0 '•» Pre»- 
stage pressure gain block has been built th-t^ “»Pliiiers, a three- 
than 1000, a bandwidth of 100 Hz, and “a^ufsSo9"^" 

the power je^iw^possible ^build1 0868 3 pressure field to deflect 
control flows into the control pressíre fi^T"9 amPlifier by summing 

will be directed toward the^efinement^f ?5om|811?g and our future effort 
plifier and the different qain blinks L ív,tí *.waminar ProP°rtional am- 
many oontrol .y.teo«"Serl ïie ieîubülïï’Ld ey C8n b8 r88dily <•"* m fluidic control is needed? '«liability and environmental hardness of 

! 

1 

I 

i 

i 

I 



m 

P 

Q 
R 

Re 

s 

t 

V+ 

w 

Wx 

coefficients in quadratic equation 

jet compliance 

discharge coefficient 

pressure gain at zero bias level 

pressure gain 

channel height 

bias coefficient 

*iA0 

inductance 

length 

distance between supply nozzle and edge of control nozzle 

distance between edge of control nozzle and splitter 

distance between supply nozzle and splitter dT -1,+ t-) 

number of paralle elements in the driven stage 

pressure 

flow 

resistance 

V+h/v, Reynolds number 

Laplace operator 

time 

V+/V+' characteristic time 

average velocity of jet at supply nozzle 

width 

supply nozzle width 

y 
Y 

Z 
i 

Y 

e 

“a 

“b 

uc 

£ 

lateral displacement of jet 

admittance 

impedance 

r*tio of specific heat 

jtt angle at the end of control volume 

sincle leaJ frequency 

lag frequency 

resonant frequency 

damping ratio 
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n - n-th stage 

o - output 

r - ratio 

T - total 

V *• vent 

+ - supply 




