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foreword 

Fluid amplification without the use of moving parts has 
been proved feasible k.> • '"uving parts has 

il leasiDie. The basic operation of a fluid amnl i- 
1er depends on the change of direction of a hi h P 

id stream „ i 6 uirection oí a high-energy flu- 

vestieatTru/ n Iowe^enerK>- fl»» of fluid. DOFL is no. 
flu d 0“C0ntrnl «ohuidues for use lu duvelopmu 

log c funÍuÕ„sCaPabl? °f ““P11"'«““'. feedback, „e.ory! 
étions, analog computations, and digital computations. 

1«» rJuaMlÍt:tt;artCt‘Ve featUreS 01 s-h s.vstems are simpllc- 

Shock "bia ion ie reslf '» extreme enviroM.ents of 
ocK, vibration, temperature, and nuclear radiation The 

components may be simply blocks of metai ’ 
containing suitable passages! ’ °r plast‘c 

priate subtitle. Man, will be’tu" Íal Rerr'"ng aPPr°‘ 
ial outside of fhi. ■ tutorial. References to mater- 

outside of this series will be kept to a minimum. 
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Nomenclature Unit 

a _ Control to power nozzle area ratio equal 

to control to power nozzle width ratio . nondimensional 

d = Distance downstream from power nozzle . ft 

p = Total pressure above ambient.lbf/ft2 

V = Velocity. ^pS 

A = Area. 

G = Gain. ,. 
. nondimensional 

Q = Volume flow rate = vA.fta/sec 

w = Nozzle width. 

T) - Efficiency.nondimensional 

9s = Power jet deflection angle.radians 

9c = Angle to center of collector . radians 

P = DenSity . Ibm/ft3 

gc = Gravitational constant = 3,2. Ibm ft/lbf sec2 

Subscripts 

i = Input (control) 

j = Power jet 

o = Output 

P = Power 
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ABSTRACT 

proJIT/dr:”" hT f!Uid amPlification hav. resulted lu an overall 
proportional^eith ûô t'8VeIop“"t of nail> >-P>iflers, both bistable and h wpurtionai, with no moving parts. 

type Pre!!“re “ tie re“1,ln8 bPhttures of the proportional- 
ype device depend on the power jet strength and flow direction 

flow direction is controlled by a low-enerev iet th« t Î ^ 81 th tures is «n amni -i f ^ u a low energy jet. the output from the aper¬ 
tures is an amplified version of the control iet innut ^ 

li^eneigy^6 amplÍfÍer ls an °rder of m^nitude larger than thfLntiol- 

sireJV116 Wallf are relatively close t° the interaction region the 
stream has a marked tendency to attach to one of the walls. This wall- 

o m:rtïernon causes the fiuid stream to shift one output to the other in response to a control nnicm u ^ 
bistable operation. For a proportional unit the n’ y P®*1”1141”® 
farther ou, to aini.iae the .an eHec, ’ ^ 

"PeCltlC‘lly cover®d ln «"‘s "-Port are the effects of the .all and 

proportional‘ope rat Ion OPeraU°n’ ^ ^818 oi *>'® ^ 

GENERAL 

meumatlc and hydraulic systems have been widely aonlieH a- 

ííht rs^^rSdenf ^rroru^^rrii “ r rrs - rrr; — ri=i~ 
fluld'directs fhljhe8,-^^!8"“ lo*''®"®^ '1®* ®i 

~ irt°T“:8 PrlnClPle °f the U° tyI>e8 °f “"P11“®--8 d®ac»Ld li hla report fl or pOT,er jet chamber (P ) supplies, from a reservoir a 

noaaiès Íp')'^*.,8" °f.!luid’ elther eás “r Hquld. The chambers and jet 
r t e right and left of the power jet produce jets of fluid 
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that impinge on and deflect the power jet. In this proportional amplifier, 
flow and pressure at the receiving apertures depend on the power jet 

strength and direction of flow. Because the direction of flow is controlled 

by the low-energy jet, the output at the apertures is an amplified version 
of the control jet input. The energy controlled can be an order of magni- 
tude larger than the controlling energy. 

The walls of this unit (fig. 1) are positioned relatively far from 

the region where the streams meet and interact. If the walls are positioned 
adjacent to the interaction region, as shown in figure 2, the power stream 
will have a marked tendency to attach to one of the walls. This tendency 

is utilized to obtain bistable operation, in which control jet pulses shift 
the power stream between two output apertures. In the proportional unit, 
however, the wall effect must be minimized. 

LEFT OUTLET SPLITTER RIGHT OUTLET 

Figure 2. Diagram of fluid bistable element. 



or ™e prop°rtlonal and bistable units are essentially two-dimensional 

Daran*? rCaí: ÍS' the Shape Can be generated by moving a line element 

Tnit il\l° ItTl : The heÍght (0r depth) 0f a unit is the extent of the 
unit in the third dimension, i.e., the length of the line element (fig. 3). 

SGaling PurP°ses, all dimensions are normalized in terms of the 
idth of the power nozzle opening. The aspect ratio is the height divided 

by the power nozzle diameter. 

soi tan? ry machlned or stamped and top and bottom plates added (with 
,. abl® lnlet and outlet apertures) to make the unit equal in height to 
the thickness of the metal used. Units may be etched or molded. T*o units 

molded Í ?? face-to-face to °btain a height equal to twice the etched or 

e?ch d dePt£’ °r a tOP Plate may ^ added t0 make the height e^ual t0 the 

fi.nH1?? tWO"fa °f mechaaical units most commonly used in connection with 

tíe 1h r TÍ USed' Th8Se are the English system, corresponding to 
the modified Newton's law, and the CGS system, a^ follows: 

(1) Modified Newton's Law Engineering (English) System 

where 

f = force (Ibf) 

m = mass (Ibm) 

a = acceleration (ft/sec2) 

gc= conversion factor (32.2 Ibm-ft/lbf-sec2) 

(2) CGS (Gauss) System Using Newton's Law 

where 

f = ma 

f = force (dynes or gr-cm/secs) 
m = mass (gr) 

a = acceleration (cm/sec2) 

9 



Figure 3. Internai pattern of a typical element. 
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MRT I: BOUNDARY WALL EFFECT IN FLUID AMPLIFIERS 

R. W. Warren 

1. 
FLOW-CONTROL methods 

walls and emerging in^ similar 3 ^luid Stream flowing between boundary 

stream in liquid) are shown in f^ure^ ITtlTfT' T ^ ^ 
the nozzle, its particles colliHo ¿ A th flui(1 Jet issues from 

B.V these c^llisLs ^e jereirrJL a Í0S: 0f ^id. 
forming a broader stream which issues f the surrounding fluid, 
inclosure. The removal of îluid f^ thT T of the 
pressure in the zone between the «t lnteraction region lowers the 

pressure zone induces a flow from the^iT ^ b°Undar-V walls- The low- 
opening to maintain equilibrium wh pressure region beyond the 

than the other, the a^^aUable o^ ^ t0 ^ Wal1 
decreased while that on the far side COUnttrilow on the near side is 

impedes the counterflow and results in an™™3^ A deCrease in area 
tween the stream and the wall Thp Í !" °Wer local Pressure be- 

facilitates the counterflow and estabUslTa ^ ^°81^ SÍde 
bient. Because of the low local nre h Pressure approaching am- 

the higher pressure on the opposite sldT TteT* ^ ^ and 
wall, resulting in an even greater pressure dithe 

reinforcing action occurs that quickly shifts thl ^ & ' ThUS, 3 self' 
one wall as shown in figure 5. ‘ h f h stream completely against 

holds it there^s^long^s^he^ againSJ 3 Wal1’ the Pressure differential 

fluid from the low-pressure region^th T ‘ ^ constantly entrains 
circulation from the jet stream as^ being ^P^nished by a re¬ 

figure 5. The low-pressure reg.o s "ueVa °f 
pocket. As one proceeds along the waU do!n,t l0""P"esSUre bubble or 
ble indicated in figure 5 the nre- - tream of the low-pressure bub- 

point of attachment. This hieh Dre3"^ SUddenly increases greatly at the 

pressure bubble from presLÍes exH^tem‘S t0 Seal the low- 
point of attachment. Equilibrium is 1 6 regl0n downstream of the 

replenishing flew eguals ÎÎe voile o“3 he “'T VOl“”e “f the 
pressure region. This eauilihri im, n - fl d entrained from the low- 

velocity; increasing or decreasing the&velocity^íh^ fUnCtÍ°n °f Stream 
volume of fluid entrained, therebj resultín^ changes the 
differentials across the stream ' As th tg &reater or lesser .pressure 
ber through the nozzle it can be ca h Streani 13 introduced into the cham- 

relatively slight asymmetry of the walls T^Îs^f T " SeleCt6d Wal1 by a 
tne walls. This feature is designated "reset. 

1•! Fluid Injection 

fices can be intíoduÍed^rthe^ideH/tie T control-stream ori- 
ure 2. if fluid is allowed t + th power stream as shown in fig- 

allowed to enter the low-pressure region „„ the right 
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sure' a™“ Tt^sZeTr T™1"“"* ^ *he 

on the left; the differential pressure approaches zerTaCdChe0 ^ ^ 
moves toward the center if n ^ ^ a d the stream 

jection and couLrfÎ:. thá„ Z Z ^ ^ by 

stream will incline to the left. As soonC^tv, Y COUnterflow al°ne, the 
centerline, the self-reinfnrrin +• S the powerstream crosses the 

and the stream attaches to the leuZn C" T''0" ^ OCCUrS 

until the powerstream has crossed he nter ne to ^ 0nly 

, airection of the submerged stream can be controlled. 

1.2 Fluid Removal 

stream may also he swi -f t 
of fluid from the left síHp nf tv, + . riSht-to-left by withdrawal 

performed on the right side (section iT îf'ÍluidCVíemo^r't011 

vue ngnt, and the stream inclines tnwarH t-i,„ 
continuing the remova] of fluid until the stC! ter- By 

stream can be shifted to the left wall! ' ^ ^ the 

1-^ Sidewall Arrangement—Ent rainment 

ability to^attract ÍÍe ,ar‘"er fr0” S,rea" “eir 

e°úLh: ti:: :zz:: 
defiection that is , deseed * 

the interagionCeJion"5 MovingCh ^ that partially fills 

or increasing the pressure C L ^ 

pands and attaches to both boundary walls results in ^735^11110 eX" 
of f ip-nrp fí Harm 4-u * ü * Gsuits in tho flow shown in A 

sure eq„U ; ."" ’h U tL “‘T”,* T“ °f th0 P°*er J'* ‘—s th pies- 

tbe power-jet Stream t e e S "“X “ C0"tr01 
fluid is allowed to enter thC Í along the centerline. When 

side increases, the stream detaches^romCheCearClíCCnd^633! ^ ^ 
the opposite wall B of fie-nre k wv, ^ and lnc^ines toward 

fills the exit and flows along the centerline n fi C ^ stream again 

1.4 Splitterjffeets on Fluid Bistahle Elements 

jet passesEtnLroa;gheantreagnion0oflUUm rCl7nge’ °CCUr Whenever a ^id 
etc., cause degradationCCss oCeC C T’ WUh frictio-l losses, 
increases with the distance from th ^ a? pre:;,suie) of the stream, which 

•output pressure and power it is ne6 0022 ^ yherefore> to obtain maximum 

as close as possible to the power nozzle^ receiv]ng atures 

13 
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A splitter (as shown in fig. 2) may be used to provide discrete 

outputs for the interaction region. Since a small pulse of control fluid 

can direct the delivery of a large power stream, considerable amplifica- 

t.on 1S obtained. 'The relative position of the splitter .ith "s«« to 

.allITãffeeLT1'’ ^ ^ ^ ,he Ie"g,h and location of boundary walls, affects the operating characteristics of the unit. ^ 

devices a^„uPísÍn the,eftaCt 0l ‘»cation on operation of fluid 
devices, a unit is considered in which the sidewalls and splitter walls 

re planes diverging 12 degrees from the nozzle centerline. The distance 

between the boundary walls near the base of the interaction region sap! 

proximately 3 nozzle widths. The influence of splitter position on the 

sureT:n e f eriStieS °f the U"U iS by the ratio o, ÍIs- 
sures at the input and output ends of the power-jet nozzle, the pressure 

naurã"“5 ‘în8 rrrJet ““le’ °"d the °Veral1 ‘ucaction-region con- 
fln^d th a addltlon> »P6cation varies with the fluid characteristics 

d thermodynamic state, and minimum local pressure in the unit. ' 

However, in general, the following relationships between the 
splitter position and operational characteristics of the 

found to hold for air supplied at pressures up to 55 psia 
unit have been 

If the splitter is 0 to 2 nozzle widths downstream from the exit 

can J6 P°Wer n0zzle (row °-2> fig- 7), the flow divides about equally but 
can be forced to deliver a greater portion to one side or the olher bi ap! 

P ying a corresponding control signal. The sidewall influence alone LL 

Ilfd ! t the P0Wer Jet’ Since the differential pressure (devel- 
oped by entrainment over an effective sidewall distance of only 2 nozzle 

widths) is small, and the stream is split before the small differential 

lenlth^h effectlve- The Pressure differential developed over this short 

an ha T/",; ^ a deflectl- py a given control signIÎ 
than that provided by an open system without boundary walls. 

h K * A dlfferent operational mode is obtained when the splitter is lo- 

“Ts3 T' 57IOZZle WÍdthS dOWnStream fr0m the Power zzle (row d 5, fig. 7). For this configuration, the flow is affected 

appreciably by the boundary layer. Before a control signal is added a 

greater portion of the power-jet flow is delivered to one side of thé 

splitter. The sidewall influence alone is insufficient to deflect all the 

7er ‘et to one Sile, because, since the splitter is relatively close Ío 
the power nozzle, the stream would have to be turned through a large angle 

o be diverted .holly one side. However, after the strea. is deflected 

to the boundary wall, the greater part remains there even after the con¬ 
trol signal is removed. 

tionpri fi t n°; er 0Perational mode is obtained when the splitter is posi- 

iet no! WldthS downstream- F°r this configuration, the power- 

a control'Iillal !hted ^ eXtended boundary layer that, even without 
a control signal, the power-jet flow will be delivered entirely to one of 

e channels. The stream area over which an effective pressure differential 

15 
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INITIU WITH RIGHT RFTER EFFECT OF EFFECT OF 
COHTROL CONTROL CLOCKING UNNLOCKING 

POISE POISE 

16 



nL^dwl0,>ed 18 ”OW relatively larSe- Th« power stream Is de¬ 
ter «) r^ r ''lt;.th8 s‘da*a“ slightly downstream from 
whloh .VÏ , leading edge, sealing off a boundary layer region 
whfch U being evacuated by the entrainment action of the porei stream’ 
on one side and Is restricted on the other side by the adjacent dT 

"“poweTLe-^i^tr -- 

- chennefra^r;- ^^.^„71^. 

=p^^-,r:L-i—iv:drr o F 
around the splitter through the opposite output channel. Consequently 

lenreWthCrnÍr Wlng regi°ns Pro^ce a substantial amount of ïurbu- ' 
lence that affects the laminar flow pattern in the region where tL 

tte^wertefand^id6 ^ tUrbulence ^grades the seal between tne power jet and sidewall so that the ineai hirvv. ^ 

point forces addHlo„al fluid Info tt ^iL^-^^re Llry 
region As a result, the differential pressure across the stream is 
reversed, and the jet Is deflected to the „„blocked output ctoûël 
TO.s reversa! effect may be utilized for switching instead of (or in 

Thai iT awltchlQC°nf"th effeCted by the flPid-lnjectlo„ tachniqua. 
”oÏk -a 7 Ïk “nltS “y ^ add»"Plial"id by intentionally 
b ocking or loading the output passage to which the flow is directed 

“r“™ °" t0,ard ”hlCh ilUld is üirected also affects ' 

Assume, for example that the stream is flowing out the rieht 

Witi^no *hen th® lefJ outlet becomes blocked, its counterflow ceases. 
With no counterflow fluid entrained by the stream, the pressure tends 
to equalize on the two sides of the stream, the stream leaves the right 
boundary wall and flows toward the centerline. Since the left channel 

is ^ °Ck®d/nd a11 flow must issue through the right channel, the stream 
s forced to attach to the right side of the splitter. When the left 

channel is unblocked, counterflow resumes in the left channel and the 
stream reattaches to the right boundary wall. 

When the splitter is positioned more than 12 nozzle widths 
ownstream from the power-nozzle exit, the stream attaches to the 

boundary wall upstream from the leading edge of the splitter. When the 
outle accepting the flow becomes blocked, the resulting increase of 

r u ence and back pressure is primarily downstream from the attach- 
ment pomt and has less effect on the attachment region than when the 
splitter is positioned closer to the power-nozzle exit. However, back 

i6 :rry/ni^ate reVerSe flOW dOWn the boundar.v layer to the area 
tion If POWer-streani hi8h local static pressure distribu- 

: -tachfnt region> together with the viscous effects asso¬ 
ciated with the velocity distribution, resists reverse flow into the 

17 



DYNAMIC PRESSURE MAINTAINED 
IN LEFT PASSAGE 

Figure 8. Memory characteristic of 
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remains locked to thp nrio-inai ,, reversed, the stream 

being applied As W af ^ ^ th°Ugh no contro1 

directed by the boundary-layer effeet)^53^6 WhÍCh the stream is 
forced around the snlitter L ° remainS blocked^ the stream is 

Pressure, howe^A^^ ^cZt^le^^h 

figure 8. When the outlet is unblocked, flow returns to its°A ? , 
outlet even without a control pulse The abilití of V 0riginal 
tain dynamic pressure on a particular out A ° S Strea,n t0 main- 
«Otany blocked ls tenned J;;“““1 [ entila “gh '"f °",let ÍS 

persists only as long as there is tlo. t, t, ”e"°ry ln *hat “ 

restarted, the streak .„.che: \l üe hou a jinar,^ ^ :hen 
tion. The memory characteristic of th< * Y “ th eset posi_ 
an ahrup, change'of slope nt It, ^ b>’ 

2. SUMMARY 

me primary objective of this study was to octavo v, 

guide in the design concepts of pure Huid bistable oÍTV 
should be remembered that the ranees o ínif t operatlons- It 

specific modes of operation in fluid bistable elements1'are 00^^ 
else. An ambiguous region exists in which the unit ic a.t P 

fluid characteristics, power-stream pressure ang es of tie s 7 'n 
setback, and other parameters. Therefore Ího v ! sidewalls, 

typical; they will vary according to the exact dimÍAglVen ^ 
geometrical conf iguratlbne, and other variabUe ’ • 



PART II: PROPORTIONAL FLUID AMPLIFICATION 

S. J. Peperone 

withrJÍ °bJective of the Proportional fluid amplifier is to achieve 
without moving parts control of fluid power by a lesser amount of 

power. One of the most important quantities, therefore, is the 
power gain. ’ 

Although the discussion that follows is highly idealized, it 

is intended to serve as an introduction to the concepts involved 
in proportional fluid amplification. 

The power gain of a control element is the magnitude of the 

ratio of signal power output to signal power input. For the fluid 

amplifier using an incompressible fluid, the power gain G is given 

pq 

Ap AQ 
O o 

AP1AQ1 (1) 

where p is total pressure, Q is volume flow rate, and the subscripts 
i and o refer to control input and amplifier output, respectively 

It should be noted that the definition is in terms of small incre¬ 

ments, i.e., low-level signals. The increment should be small 

enough so that the element can be considered to be linear. 

Other quantities of interest are pressure gain G and flow 

gain which are defined as P 

G = 
Ap 
_c 

Ap. (2) 

G 
Q aq, (3) 

A fourth quantity of general interest is the efficiency of the 

element, which is defined as the ratio of signal power output to 
total power input and is given by 

APoAQo 

- P^P.Q. (4 

where the subscript j refers to the power jet, so that p Q is the 

power input from the power jet. Efficiency can never bejgreater 

than unity since the output power can never be greater than the 
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total Input power. The power gain of the element, however, can be 

greater than unity since this is just the ratio of output power to 
input signal power and not total input power. 

To understand how a fluid control element achieves gain, con¬ 

sider a jet of fluid issuing from a power nozzle. The kinetic 

energy of a segment of this stream 1-sec long—the power-is pAv3/2g 

where p is the density of the fluid, v is its velocity, g is the C 

gravitional conversion factor, and A is the cross-sectionSl area of 

the power nozzle. The fluid power resides in the velocity of the 

stream. Now, if fluid is directed normal to the power jet as shown 

in figure 1 (Part I), the resulting angle of deflection 0 of the 
power jet is s 

6 
s 

Vivi2 
W p V 8 
j j j 

(5) 

This results from momentum conservation and assumes ambient static 

pressure in the interaction region; w is the control nozzle width; 
Wj is the power nozzle width. 

Then using p = -— pv‘ 

follows that 2gc 
for both the control and power jets, it 

6 
s (6) 

where the pressure is that above ambient, and a is the control noz 

zle to power nozzle area ratio as well as the nozzle width ratio 
since the height is constant; that is 

w 
i 

a = — 
w 
j 

Assume now that the power jet retains its original velocity and 

volume fio» characteristics out to a distance d from the power noz¬ 

zle, and that a collector is placed at this point. Let the center 

of the collector be at an angle 9 = w /d when there is no control 

pressure. As the control pressure is increased, the power jet deflects 

and the pressure in the collector increases, d a control pressure p 

just sufficient to cause a deflection of 0 = 0 is used, the output 1 

pressure will increase to p (assuming no fosses), resulting in a 

pressure gain of Pj/p^ SiAce 0c = Wj/d, the pressure gain is (using 

G 
P (7) 
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Kence, for a control to power nozzle area ratio of unity and d/w - in 
an idealized pressure gain of 10 is calculated. ' / j ~ 10’ 

Again making the assumption that when 6=0 o - o • it f„n 
flow gain, usine- o — a (ncr /o 1/2 « § x) 1 follows 

that Q " (^c/2P' w^ere A is ?he gpert¿re area, 

w- P.\ /0^2 
c = ~ Í _2 ) _ I I P J I 

« *i \p¡y -a {pJ 

a nd from eq (7) 

./¾ 

or 

C = i' —— 't Q V aw / 
x J / 

1 1/3 

gq = T <V 

(8) 

(9) 

(10) 

1» eluted T <a = U 0/-, = 10), a flo. gala of 3.2 

be dellvered^to ^ , 7 ^ ^ ‘S 32’ ^ tbe po»er can 
n!n??t r ad- 11 should be noted that the input signal 
finitions.18 t0° large t0 be COmpletel-v consistent with the gain de- 

The case of small signal variations about a bias which is a more 
complex problem, will be discussed in a subsequent report. 

DectsTtnaChÍeV! a m0re realistic model> 0"e of the most important as- 
Hream dist11S er ^ POWer Stream Pr°file as a Unction of down¬ 
stream distance. Considerable work has been done in this area for 
the case of the unbounded jet.* Typical profile data for a bounded 

its un!fomen ÍgUre 9- U Wil1 be n°ted that the stream maintains 
its uniform profile out to only 3 or 4 nozzle widths and thereafter 
approaches a normal or Gaussian distribution. 

It is apparent that the analysis presented is highly idealized 
an sen-« omy i„tr„duce the baslc prlnclples 

amplification. Nevertheless, an upper limit on efficiency can be de¬ 
termined. According to Albertson,* the ratio of stream p^wer at a 

to the power at the output of the nozzle (fig.10) is distance d 

T) = 1 - 0.035 — 
W H d < 5 

T) = 1.86 /5; d > 5 

(11) 

(12) 

Hence, at d/wj = 10, the upper limit on efficiency would be 60 per¬ 
cent; and at d/wj = 5, the limit would be 83 percent. To increpe 

*M. L. Albertson et al, "Diffusion of Submerged Jets" ASCE, Dec 1948. 
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Figure 9. Stream total pressure versus cross-stream displace¬ 

ment with downstream distance as a parameter. 

Figure 10. Ratio of stream power at d/w, to stream power at 
nozzle output for the unbounded jet. 
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the accuracy of the calculations, the input signal power must be in¬ 

cluded and losses in the collectors must be considered. A large 

power gain, of course, minimizes the effect of input signal power on 
efficiency. 

It should be noted that walls in the region between the power 

jet and apertures can cause the unit to become bistable as reported 

in Part I. Simply removing the walls, however, may give rise to 

other problems, since acoustic wave reflections can cause stream in¬ 

stability. The best guide is to design the unit so that only the 

pressure difference induced by the control jets can exist across the 

power stream. A short connection between the two sides of the stream 
is sometimes used for this purpose. 
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