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ABSTRACT 

The development of a double leg elbow proportional fluid amplifier 

to handle 5.85 gpm of water flow rate is described in detail. The ampli- 

fier has linear output flow characteristics with a gain of 50 and can 

switch flow from one output to the other completely. Based upon the 

experimental results, analytical expressions are developed which clearly 

show the effects of the active and passive legs flow parameters, the 

control flow, and the size and location of the output ports on amplifier's 

performance and they can be used in designing an amplifier of a desired 

flow capacity. Analytical expressions to predict the performance of the 

amplifier are also given. A mixing element comprised of two double leg 

elbow amplifiers stacked together to mix two fluids was designed and 

tested successfully. 
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INTRODUCTION 

A study conducted at the Naval Civil Engineering Laboratory (NCEL) 

showed that mixing of two or more fluids in desired proportions is 

feasible by using proportional fluid amplifiers. The operational 

principle of such mixing systems is based upon the flow modulating 

characteristics, an unique feature, of most proportional fluid ampli- 

fiers. A proposed concept of a fluidic system? suitable for mixing 

two fluids is shown in Figure 1. The system uses two double leg 

elbow proportional amplifiers, one for each fluid. The fluid ampli- 

fiers control the flow of two fluids to mix them in the desired 

ratios. The amplifiers are controlled by the signals tapped off from 

the venturi orifice on the mixture line. For changing the mixture 

ratio a variable fluid resistor is provided on the control line of 

each fluid amplifier. These variable resistors are fluidic passive 

devices consisting of a resistance path either of a variable length 

or of a variable cross-section which, is varied with a control knob. 

Due to some definite advantages offered by the fluidic components, 

a research program was initiated to develop a fluidic system for mixing 

hot and cold water capable of handling 5 gpm of each fluid. During 

this program it was found necessary to develop a double leg elbow 

amplifier with a 0-5 gpm output flow range since this component is not 

available commercially. Following successful development of a suitable 

amplifier, a mixing system was designed and was tested by mixing water 

from two sources. The report describes in detail the entire development 
program of the mixing system. 

DOUBLE LEG ELBOW AMPLIFIER 

Consider the amplifier shown in Figure 2, in which the flow through 

its active leg, in the form of a short radius elbow, is interacted by 

a small flow through its control port. Further, the flow through the 

passive leg of the amplifier combines with that through the active leg 

at its exit and forms a jet which is called the "power jet" in the 
Fluid State terminlogy. The emanating angle of the power jet can be 

changed either by regulating the supply flow or by varying the flow 

through the control port. However, the efflux velocity of the power 

jet can be changed by varying the supply flow only. The proportional 

deflection of the power jet by the control flow can then be utilized in 

dividing the supply flow between the two output ports of the amplifier 

to obtain a proportional action. Development of such an amplifier to 

handle 5 gpm of water is described in the following sections of the 
report. 
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AMPLIFIER DEVELOPMENT 

A double leg elbow amplifier was designed and built to determine 

its performance. After a series of laboratory tests, each followed’ by 

some modifications in the amplifier's parameters, the amplifier did 

perform as a proportional device. However, some problems existed in 

that the amplifier delivered a fluctuating flow; and also its output 

versus input characteristics were not as linear as desired. Therefore, 

efforts were devoted towards developing a suitable amplifier for use 

in the mixing system. 

Experimental Element Design 

The important considerations in the design of a double leg elbow 

amplifier are the proper design of the active and passive leg flow 

passages, location and size of the control port, and the shape of the 

power jet separation surface. The flow pattern through the amplifier 

is complex and cannot be realized by the existing theory. Some 

experimental work has been reported on flow characteristics in rectan- 

gular curved passages. Practically all of this work is based upon 

fully developed inlet velocity profiles and most of the researchers 

experimented with large radii channels only.~>? None of these publi- 

cations report curved channel flows with injection into or suction from 

the separation region of the channel. However, the work of Curtiss, 

Feil and Liquornik~, primarily experimental in nature, deals with 

studies on curved channel flows with injection into its separation 

region. The reported work using some empirical assumptions describes 

flows in curved channels of varying curvatures with relatively small 

bend radii. The results of this study were utilized by Curtiss and 

Liquornik~ in developing a double leg elbow amplifier operating on air. 

The amplifier was used for signal amplification only. The work described 

in reference 5, although very exhaustive, does not develop any general 

criteria for the location of the control port and for the proper design 

of the power jet separation surface (Figure 2). Furthermore, the 

authors did not study the effect of passive leg flow on the active leg 

flow and hence on the power jet deflection. It was therefore felt that, 

to develop the desired amplifier a systematic experimental study be under- 

taken to determine the following: 

1. Suitable dimensions of the active and passive legs. 

2. For the selected active and passive leg dimensions, deter- 

mine by trial and error the size and configuration of the 

control port and the shape of the power jet separation surface. 



3. Finally, obtain the control flow versus power jet deflection 

characteristics for the experimental element. These charact- 

eristics were used in designing the location and size of the 

amplifier's output ports, and in developing a theory for pre- 

dicting its performance. 

Thus an experimental element was designed and built. Based upon 

the results of reference 5, the active leg was designed with an aspect 

ratio (depth/width) of 0.8 and ratio of its radii (inner radius/outer 

radius) as 0.20 such that the separation in the bend will occur natural- 

ly. From the momentum balance considerations one can see that the angle 

between the active and the passive legs of the element can be anywhere 

from 0 to 180°. However, the 90° angle makes the power jet emanating 

angle very sensitive to the passive leg flow without decreasing its 

axial momentum appreciably. The dimensions of the active and passive 

leg flow passages were determined for a designed flow of 2.5 gpm each. 

The corresponding flow Reynolds number through the supply flow passages 

was in the range of 13,000. A sketch of the element is shown in Figure 

3. The control for the element was of counter flow type secondary 

injection. The control slot was extended the full depth of the channel 

with a width of 1/16 inches. The location and other pertinent details 

of the control slot are shown in Figure 4. The details of the power 

jet separation surface of the element are shown in Figure 5. Further, 

Table 1 lists the dimensions and important parameters of the designed 
element. 

Experimental Program 

A test program was designed to determine the suitable design of 

the element by trial and error procedure. Extensive tests were run 

to derive the element's characteristics. 

The experiments were conducted in the Mechanical Systems Laboratory 
at NCEL using regular tap water as the working fluid under carefully 

controlled flow and pressure conditions. All experiments were performed 

under continuous flow conditions so that sufficient time was available 

for stabilization of all flows and instrument readings. The general 

arrangement of various flow lines and instruments of the test setup 

are shown in the schematic of Figure 6. The adjustment of the supply 

flow is possible by the hand controlled valves provided on the line. 

The control flow to the element was provided by means of a pumping 

system capable of creating positive pressure in the line. The element 

remained immersed in water throughout the test series. 

Supply and control flows were measured by rotameters. Static 

pressures were measured by the conventional pressure gages. Throughout 

the test program, a dye injection technique was used for flow visuali- 

zation through the element. This method consisted of injecting a 

concentrated solution of methyl blue (a blue dye) through the ports 
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located on the right and left sides of the power jet through the 

cover plates by means of a dye injection pump system. Due to submerged 

nature of the power jet the dye solution was trapped by the entrained 

flow thereby making the flow pattern in the element visible. The 

technique was very successful in revealing the power jet boundaries. 

Photographs of the flow pattern were taken by mounting a camera directly 

above the element. 

Test Results 

Some modifications in the location of the control port and in the 

shape of the power jet separation surface resulted from the tests. The 

width of the active leg flow passage was reduced to 4 inch. All modi- 

fications that were necessary for the proper functioning of the element 

are shown in a sketch (Figure 7). Table 1 lists the dimensions of the 

various parameters of the element after modifications. The flow through 

the active and passive leg of the modified element changed which resulted 

in new flow Reynolds numbers (22000 range). A typical flow pattern through 

the element for flow rates of 4.0 gpm and 3.5 gpm through its active and 

passive legs respectively with no control flow is shown in Figure 8. 

Power Jet Deflection Characteristics 

Tests to obtain jet versus control flow characteristics were 

conducted on the modified element. Altogether four series of tests, with 

different combinations of active and passive leg flows (Table 2) were 

run. For each series the control flow was varied discretely from zero 

to some value which deflected the power jet by 20 . For each observation 

a photograph of the flow pattern through the element was taken for record 

and analysis. Out of a total of 26 pictures taken, 12 are included in 

the report for illustration (Figures 8 through 19). During the experi- 

ments it was observed and is apparent from the flow pattern photographs 

that the flow through the element was highly turbulent. It was further 

noticed that the maximum sensitivity of the power jet occurred at flow 

rates of 5.0 gpm and 4.0 gpm through the active and passive legs 

respectively. 
Further, the power jet deflection was measured from the flow 

pattern photographs for each test series. In addition to this the 

power jet width was measured at distances of three and four inches 

from the interaction zone of the supply flows. Table 3 lists the power 

jet deflection and its width for the entire test series. Furthermore, 

to determine the trend in the experimental data, the jet deflection, 

AY, was plotted against Q /Q for each Q /Q. (Figure 20). Where Q , 

Om aude acer thes Elow, rates through thé passive and active legs, 

and through the control port of the element respectively. It should 

be noted from Figure 20 that these characteristics are nearly straight 

lines and the maximum sensitivity of the power jet occurs for 
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Q. = 4.0 gpm and Q = 5.0 gpm. 
p a 

For a given power jet separation surface, the slopes of its 

deflection characteristics depend upon the active and passive leg 

flow passage dimensions, and the flows through them. Thus, if it 

is the slope of the power jet characteristics, then 

S=s @ Qs h, Wa? ee) Q./Q.> (1) 

or s 5 (Q,, 0/0, hy Wy Was ¥,) Q,/Q,. (2) 

= depth of the flow passages 

Ww = width of the active leg 

w = width of the passive leg 

Hence, from Figure 20, the power jet deflection, AW, using Equation (2) 

can be written as 

Aw z ORs Se ore h, WB w(t) QO. ) (3-a) 

or simply Ay = Q Mc (3-b) 

In Equation (3-b), if Av is expressed in degrees, then the units of s 

are in degrees. Further,s for each characteristic curve can be cal- 

culated using Equation (3-b). Table 4 shows values of s for various 
Q , 9/0. for the element with fixed h, w. andw /w. 

aigdr pia a ap 

Amplifier Theory 

The interacting active and passive flows of the element shown in 

Figure 21, combine to form the power jet. If M and M_ are the momentum 

of the active and passive leg flows respectively, thenPthe momentum of 

the power jet, M.- is given by 

Mes Jim oe ee ) (4) r a P 

Equation (4) holds for the configuration shown in Figure 21 only 

where the angle between the active and passive legs is 90. Further, 

the momentum of the active and passive leg flows in terms of their 

flow rates and flow passage area, neglecting static pressure changes 

are given as 

10 



Table 4. Power Jet Characteristics Slope Data. 

Flow passages depth, h = 0.5000 inches 

Active leg passage width, We, = 0.5000 inches 

0.5000 inches Hydraulic diameter of the 

active leg passage, an 

Passive leg passage width, oe 0.3750 inches 

Hydraulic diameter of the 0.4286 inches 
passive leg passage, - 

Ratio, w /w 1.333 inches 
a p 

Active leg Reynolds 13,368 17,824 20 ,052 22,280 
number, 

U5) 92 7/9) 17,825 IW 325) 20,372 

0.800 

1333033) 195.24 352.94 427.08 

Passive leg flow Reynolds 

number, 

Ud 
sae 

Slope, s (degrees) 

allt 



02, 
Test an ° (22) 

a 

OQ 2 

and M =e : (5-b) 
p oe 

where p is the mass density of the fluid. Thus from Equations (4), 
(5-a) and (5-b) after simplification, one obtains 

(6) 

Again, the power jet after it leaves the separation surface, 

behaves like a turbulent two dimensional jet. Analytical expressions 

for the velocity distribution of such jets are derived in Schlichting’ 

and the expression for the axial component of the jet velocity is 

given below 

2D 
u(x,;y) = U(x) Sech eae 3 (7) 

where u(x,y) = axial component of velocity, 

U(x) = center line velocity, 

7.67, a free constant. 

Figure 22 illustrates the jet co-ordinate system and its axial velocity 

profile for o = 7.67. It is obvious from the jet axial velocity 

profile that the slope of the jet spread i.e., angle q (Figure 22) is 

ga ten” (0:3) = 167° (8) 

The value of gw calculated in Equation (8) is based upon the value of y 

where the axial velocity drops to four percent of the center line 

velocity, i.e., where u(xsy) _ Ped Based upon this, the width of 

U(x) 

the jet is given by the equation 

WZ 



2b(x) = 0.60 x +2b, (9) 

where 2b(x) is the width of the jet (Figure 22) and 2b is the nozzle 
; i : ? fe) 

width. Now, the momentum, M., of the jet, which is constant along the 

jet is given by J 

aie = (10) Ss | 
bo] 

Since the axial momentum of the jet remains constant along x, thus 

M,. expressed in Equation (6), which relates the power jet momentum 
MP to the moment# of active and passive leg flows, must be equal to 

Ming toGog Qe = Wl Pe Hence, from Equations (6) and (10) the re following 

expressions tesults 

bie hy/ xwy Ww, Q a eA LGaS (a) a 
U(x) hy xw, 

Q 

By defining 

= 8 (11-b) 

a 

Equation (ll-a) can be reduce to 

(11-c) 

with the active and passive leg flow parameters. A solution cf 

Equation (ll-c) is shown in a plot of Figure 23, where the dimensionless 
; A 5 

parameter U(x) h/xw, is plotted against eo Q 2 

a4 “2 ( a 
as er 5 oF 

This result is used in locating the output ports of the amplifier. 
Finally the power jet flows into the output ports in proportion 

to the deflection of the jet. Proper location and size of the »utput 

flow passages is very important. Now a procedure for designing the 

output ports of the amplifier will be given. A general layout «‘ the 

output port geometry is shown in Figure 24, Notice that points ., B 

13 
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and C are arranged such that when the power jet deflects, the x 

@-ordinate of each point is x,. The output ports layout is such that 

the power jet axis coincides with that of the Port Oj. Thus angle of 

the port Oy, axis is equal to 99 as shown in Figure 24. Further, the 

width, Wo? of each port is derived from Equation (3-b) as 

Q s c 

VoLll GOT DTES ( oe ’ 2) 
max 

where Q 
= = maximum dimensionless control flow corresponding 

Q to the maximum deflection, Aw , of the power 
max E max 

ete 

57.3 =a factor for converting degrees into radians 

x = m-ordinate of the splitter tip 

As an illustration Table 5 give the values of output port, w_, for 

X) = 3 and 4 inches respectively for various combinations of the 

active and passive legs Q, and Qp. The angular location of the output 

port is achieved on the basis of the power jet emanating angle with 

me COmMerOll iilOw, toa Vo - This angle for various combinations of 

the active and passive leg flows was measured and recorded in Table 3. 
Further, the co-ordinates of points A, B, and C change with the control 

flow and can be obtained using Equation (12). These are given below: 

2 ee (13-a) 

pe s Q Q 

=- 0 me al) 22 : 
Ja De STS Pe NIG (CES) 

a a 
max > 

xy dacs (13-c) 

Xe s Q Q 
fo) Cc c 

Yp 7 ~ 5723 = 2 0 and (13-d) 

a a A 
max 

ee (13-e) 

WS) 



{| See 

The location of output ports of the amplifier can be assigned using 

Equations (13-a) through (13-f) for zero power jet deflection. Thus 

the co-ordinates of the points A, B, and C (Figure 24) for zero control 
flow are: 

aes (14-a) 

x Ss Q \ xs f{ /Q 
Toe ee oy 12 eee al ax (14-b) 
E® 238 BY oS Qay) 114.6 > 

max 

see on (14-c) 

Q x Ss Q 
_ Xos pie ae ( os) max (14-d) 

Ying Dom SloS Q LiA.6 2 

97 max 

ah aes ; (14-e) 

ys 3 8 Qe Ss ae (2/2) max (14-f£) 

oa) aca sree ean 114.6 

Since point A is fixed, points B and A can be fixed using Equations 

(14-a) throuh(14-f). The included angle, 6 , of the splitter is such 

(about 3°) that the ports form a smooth flow passage. 

Flow Through The Output Ports 

After designing proper output ports, the next logical step is to 

deduce the output flow characteristics of the amplifier. The flow 

through the output ports can be analytically determined for a given 

position of the jet using relationships shown in Figure 24. Knowing 
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the power jet velocity from Equation (7) and the jet configuration 

from Figure 24, the flow Qor through the output port O. is L 

Vp 
One = if h U(x,) sech’ ( & ) dy (15) 

- ; 

and the flow Qor through the output port O, is R 

Yo 

t= f h U(x,) seat (2 dy (16) 
oO 

Vy 

Further by integrating Equations (15) and (16) and using Equations 

(13-€) through (13-f£) for value of Yoo Miso and Y,» one obtains 

Ux) xh [ os os 
on = na eh Fare [@e/2a) - 219, %)| + tanh 77S (72) 

max max 

A 20./%)| (17) 

and U(x.) Xoh aS s oe tanh 98s E Q,/04) - 210, /09- tanh 9S 

[ee - 2 aoa] : (18) 
max 

Further, recall from Equation (l1l-b) that 

U(x)h yaw, U(x )h We a 7 2S zi 

Rane og Q 
a a 

(19) 
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Table 6. Computed Values of Parameter 

Qo a | we as a function of 

ane fo) 

a 

Dimension 

less 

control 

Active leg flow, QR 3.0 gpm 

Passive leg flow, Qon,> 3.0 gpm 

s = 133.33 

Active leg flow, Oe = 4.0 gpm 

Passive leg flow, Q = 3.5 gpm 
s = 195.24 P 

3 Active leg flow, Qe = 4.5 gpm 

Passive leg flow, op = 3.5 gpm 

s = 352.94 

4 Active leg flow, OF = 5) 50) poy 

Passive leg flow, oe = 4.0 gpm 

s = 427.08 
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Therefore, by substituting for U(x,)> Equations (17) and (18) can 

be rewritten as 

rte 12 = ess aie [Cele = 2@ 19a) | ai 

tanh 946 | (el + 2 eh | ne 
max 

and 

a B Ve é E fit [2 oer avee eis a./0,) | i 

tanh ane Com = 2 2,24) | (DiS) 

It should be noted here that £~ which appears in Equations (20) and 

(21) is a function of the passive to active legs flow ratio and of 
the ratio of thewidths of the active to passive legs flow passages. 

Thus, the output flow described by the above equations is a function 

of the active and passive leg flows, the active and passive leg flow 

passages geometric parameters, the power jet deflection characteristics 

slope, the distance of the splitter from the supply flow interation 

point and the dimensionless control flow. Solutions of these equations 

are obtained for the active and passive leg flows combinations shown 

in Table 4. These solutions are listed in Table 6 and are shown in 

Figure 25, in which parameters are 

Sop ¢ ae Pole a0) SA 
Gime 82 Wiad hae! AT vee OMNI Bayree A Oo a O 

plotted against the dimensionless control flow Q_/Q_. It should be 

noted from Figure 25 and from Equations (20) and‘ (27) that the output 

flow can be switched completely from one port to the other. Thus, 

ideally for the maximum deflection of the power jet, that about 90 percent 
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4. 

Table 7. Geometric Parameters of 
the Designed Double Leg 

Elbow Fluid Amplifier. 

Active Leg 

Width, w 
a 

Depth, h 

Inner wall radius, r 

Outer wall radius, ry 

Cross-sectional area, A, 

Passive Leg 

Width, w 
12) 

Depth, h 

Cross-sectional area, a 

Angle between active and 

passive legs 

Control Port 

Width, Ws 

Depth, h 

Cross-sectional area, A. 

Location 

Type of control 

Output Port 

Width, w 
e) 

Delpitshiwehn 

Number of ports 

Cross-sectional area, A 
) 

Splitter location, Xo 

20 

1/2 inch 

3/8 inch 

1/2 inch 

1 inch 

0.125 simehe 

1/4 inch 

3/8 inch 

0.0625 inch 

90° 

1/32 inch 

3/8 inch 

0.0078 inch 

See Figure 26 

Injection 

1 inch 

3/8 inch 

2 

: 2 
0.250 inch 

3-1/4 inches from the point of 
interaction of the active and 

passive leg flows 



flow of the total can be switched proportionately from one output 

port to the other. However, in an actual amplifier this is not true 

because corresponding to 10 percent of the total flow the flow velocity 

through the output port is so small that its velocity head is not 

enough to cause any flow. 

THE PROTOTYPE AMPLIFIER 

Design of the Amplifier 

Based upon the theory developed in the previous section, a 

double leg elbow amplifier was designed to handle 5 gpm of water 

flow rate. The geometric parameters of the active and passive 

legs, the control port and the power jet separation of the amplifier 

were kept the same as that of the experimental element (Table 1). 

However, the depth h, of the flow passages was reduced to 3/8-inch 

to increase the power jet momentum for a given combination of active 

and passive leg flows. It was assumed that the designed values of 

Q. and - were 2.5 gpm each such that resulting in a 

Ww Q a 
fae ork a 2, 5 

a 

ue} su) 

value of 3.59 for the parameter R= U(x9) hv “ova 

Q 
a 

It was further assumed that to force the flow throughthe output ports, 

the stagnation pressure of the power jet based upon its axial 

well@eiie7 WiE%))5 to@cs v2 Xo) should not be less than three inches 

2g 

corresponding to U(xo) of four ft/sec. Using this data, Xo was found 

to be 5.6 inches. Due to other practical considerations, however, x 

was chosen to be 3.25 inches. The maximum deflection of the power jét 

was assumed to be 18°. Further, using Equation (12) the width wo of 

the output ports for x9 = 3.25, was computed as one inch. For this 

configuration of the output ports, U(x.) was calculated by using the 

value of B and was found to be four ft/sec. Table 7 lists the values 

of all the key geometric parameters of the amplifier. The vents 

were provided on either side of the power jet to prevent wall attach- 

ment effects. The vents were designed such that they can be connected 

to the output ports, if desired. A sketch of the amplifier's element 

is shown in Figure 26. 
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Table 8. Test data taken at the 

optimum performance of the 

amplifier. 

Supply pressure, Ere = 12.0 psig 

Active leg flow, Qn = 2.30 gpm 

Passive leg flow, Qe = 3.55 pm 

Tne imEELO - Qe, = io by 

2 
The parameter, Ye Bo = 4.74 

Wi Qs 

Maximum deflection , A w = 22° 

of the power jet 

Slope of the power jet = 188 

characteristics, s 

Corresponding value of the 0) 

parameter, B (From Equa. llc) 

Geometric parameter, we of the = 0.308 

amplifier = 
x 

fe) 

Therefore, o pa =ONSO5 

B Oo 

| 
Control Port Flow Flow through the Port o. Flow through the Port 0O,] 

0.0 5) (85 2.05 

0.014 5.00 Lo WD 

0.029 4.09 1.43 

0.043 3.40 iL, LY) 

0.058 2.54 0.89 

0.087 Lo OS 0.368 

O), LLG 0.0 0.0 

DD. 



The amplifier consists of three major components: top and 
bottom cover plates, and the middle plate, called the amplifier's 

elements, with the flow passages machined in it. The middle plate is 

made of aluminum and the flow passages in it were machined by milling 

process. The top cover plate is made of transparent plexi-glass sheet 

to facilitate flow visualization during tests, whereas, the bottom 

cover plate is a 1/4-inch thick aluminum sheet. Before assembling 

the amplifier, the two surfaces of its element were coated with a 

thin layer of silicon grease to ensure a leak proof assembly. 

The assembled amplifier, with the pipe fittings for connecting hoses 

ready for testing is shown in Figure 27. 

Tests and Performance Characteristics 

Testing of the amplifier was necessary to determine its performance. 

The tests were conducted using the test setup shown in Figure 6. 

A photograph of the setup showing the amplifier undergoing tests is 

shown in Figure 28. For a combination of active and passive leg 

flows, the control flow was varied stepwise from zero to some optimum 

value and back to zero. Since the amplifier is a low impedance 

device, the flow through its output ports can not be measured by high 

impedance devices such as rotamaters and orifices. Thus, the flow 

through the output ports was measured with a calibrated bucket and a 

stop watch. It is worth mentioning here that for the proper operation 

of the amplifier, the vent on the left of its power jet was connected 

to the output 0; whereas the one on its right side was connected to the 

output Op . This arrangement prevented occurrence of low pressure 

regions inside the amplifier caused by the power jet deflection. 

After a series of tests,the operating parameters for the optimum 

performance of the amplifier were determined and are listed in Table 8. 
It can be seen from the test data that the active and passive leg 

flows at the optimum operating point are 2.30 and 3.55 gpm respectively. 

Correspondingly the flow through the output ports varies from 5.85 

to zero gpm in the port Op and from zero to 6.10 gpm in the port 0 

when the control flow is changed from zero to 0.267 gpm. Photographs 

of the flow patterns in the amplifier were taken; two of these taken 

at zero and 0.267 gpm control flow respectively are shown in Figure 29 

and 30. It is evident from the records that the flow patterns consisted 

of a strong vortex on the left side of the power jet. Because of 

turbulent nature of the flow through the amplifier about three percent 

flow fluctuatiorn/Qo5 = O. was observed. The output flow verses 
max min 

Qo mean 

control flow characteristics for the amplifier were plotted from the test 

data and are shown in Figure 31. The flow characteristics are linear 

over about 80 percent of the operating control flow range. It should be 
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noted further that the flow amplification factor (defined as AQo/ AQ¢) 
for the amplifier is about 50, which is considerably higher compared 

to the other fluid state proportional devices® with a corresponding 

maximum value of 10. Further, it can be seen from the test data 

(Table 8) that the maximum control flow for operating the amplifier 

is about 4.6 percent of the total supply flows. These features make 

the amplifier suitable for applications where sensitivity and low 

control flows are required. Another attractive quality of the 

amplifier is that it can switch flow from one output port to the 

other completely. Thus the amplifier is a suitable metering device 
for mixing systems. To make an evaluation of the amplifier's performance 

and to verify the theory developed earlier its dimensionless output 

flow characteristics were obtained in tle manner described here, From 

the known Q5 and Q, at a given operation condition, the parameter 

w / 2 
== | 2% | is computed, Further, by recalling that for a known value of 

Wyk Q p\ <a 
W \avoneter B can be obtained either from Equation (ll-c) or directly 

from the curve shown in Figure 23. Since x _, Wa? and 9 are known, 
Oo 

dimensionless output flow parameter Q, ae is calculated for 
fe) 

QO By 

each value through the output ports, O,, and O,. The data on the 

dimensionless characteristics thus computed are listed in Table 8, 
whereas a plot of Q. wi verses Q. is shown in Figure 32. 

Sa B “6 oa 

Further, theoretical values of output flow OR we for various 
eee BON tee 

A B = 6) 

Q./2, were calculated from Equations (20) and (21). Value of s, 

required in the above calculations was obtained from the consideration 

that the power jet deflects by 22° while the control flow changes from 

zero to 0.267 gpm. The theoretical characteristics are plotted on the 

same plot as the experimental characteristics (Figure 32) for comparison. 

It can be seen from Figure 32 that the experimental values of the parameter 

fe) er differ from its theoretical values by as much as 10 percent. 

Q, BYx, 

The deviation of the experimental values from the theoretical values 

is attributed primarily to the effect of the output port impedance on 

the power jet and the magnitude of the control flow, not added to 

power jet flew. It is evident, however, that the experimental 

characteristics are linear over a wide range of the control flow and the 
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output flow can be switched completely from one port to the other. It 

is therefore concluded that the amplifier can be designed using the 

theoretical procedure described in the report, but its output flow 

characteristics should be derived experimentally. 
In summary, it can be stated that as desired a double leg elbow 

amplifier capable of delvering about five gpm of water flow rate has 

been developed. The amplifier has a flow amplification factor of 50 

and is capable of switching flow completely from one output to the 

other proportionately. The output flow characteristics of the 
amplifier are nearly linear. Finally, a theory to predict the output 

flow and useful in designing an amplifier of given capability has 

been developed. The theory predicts amplifiers outflow within 10 

percent of its actual value. 

THE FLUIDIC MIXING SYSTEM 

The mixing system shown in Figure 1 employs amplifiers that operate 

on suction type controls only. But the proportional amplifier developed 

here required a blowing type control thus the concept needs modification. 

Therefore the design of a system must be modified accordingly. 

One such system design is shown in Figure 33 in which two modulating 

amplifiers are manually controlled by connecting the control port of 

each amplifier to a source of fluid source thraigh variable resistors to 

vary the flow. A given mixture flow at a certain mixture ratio is 

obtained simply by adjusting the control flow for each amplifier. 

Similarly, the mixture ratio at a certain mixture flow rate can be 

varied simply by adjusting the needle valves settings. Fluidic 

variable resistors such as variable length, variable area, or variable 

curvature type for a given application can be fabricated. However, 

their resistance can not be varied uniformly from zero to no flow. 

Mechanically operated needle valves suffer from maintenance problems, 

however, their resistance characteristics are such that they can modulate 

flows from a predetermined value to zero. Such valves can be fabricated 

from corrosion resistant materials to reduce frequent maintenance. 

These valves because of their low flow carrying capacity (up to 0.2 gpm) 

are small and cost of replacing them is much lower than those of 

capacities up to 5 gpm. In the light of the foregoing discussion it 

was decided to use needle valves on the control lines of the mixing 

system. Such a mixing system is free from water hammer problems 

(in case of liquids) because there is no sudden closure of valves 
during operation, Furthermore, becasue of sensitive amplifiers, the 

system has a fast response. Consequently, it was decided to test 

the system by mixing water with water. 
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Mixing Element and the Test Results 

The two amplifiers of the system were combined to form one 

single element for compatness, The element in this configuration 

consists of one amplifier mounted on top of the other, The amplifiers 

are separated by 1/4-inch thick aluminum plate; the top and bottom 

cover plates of the mixing element are 3/4-inch thick plexi-glass 
plates for visualization. The disassembled parts of the element are 

shown in Figure 34 and the assembled element ready to undergo tests 

is shown in Figure 35. 

The mixing element was tested on the test setup as shown schematically 

in Figure 36 and photographically in Figure 37. Mixing tests were 

conducted under several configurations by running fresh water through 

each amplifier circuit. Corresponding to a fixed setting of control on 

one amplifier, the control on the other was varied discretely from 

zero to the designed value of 0.267 gpm. Since the amplifier operates 

on a very low output impedance, the flow through the drain side output 

line of each amplifier was measured using a calibrated bucket and a 

stop watch. The flow through the mixing side output line of each 

amplifier was computed by subtracting the flow through the drainside 

output line from the sum of the supply and the control flows. The 

reduced data from mixing tests is shown in Table 9. As can be 

seen by examining Table 9, the system performed well, i.e., each 

amplifier operated as predicted. The interaction of the mixing side 

output flows of the amplifier did not affect the operation of the 

amplifier. 

DISCUSSION 

It is interesting to note that the system can be automated as 

shown by the concept of Figure 38. According to this design the 

control flow to each modulating amplifier is supplied by a controlling 

amplifier of the proportional type. The supply flow to each controlling 

amplifier can be varied by a needle valve provided on its line. The 

control port of each amplifier is connected to the mixing line side 

output of the moderating amplifier. The change of pressure in the lines 

O1M and 02M (Figure 38) due to change in mixture demand is communicated 

to the controlling amplifier which in turn sends a required signal 

flow into the control port of each modulating amplifier to deliver 

some definite flow. The controlling amplifier circuitory can be 

designed such that for no mixture demand the controlling amplifiers 

do not send any signal to the modulating amplifiers. The valves 

on the controlling amplifiers can be calibrated such tht the 

mixture ratio of the fluids being mixed can be changed simply by 

varying their settings. Such a system in addition to having 

fast response is free from hybrid sensors which utilize electrical 

signals. 
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Further, an amplifier capable of modulating gas flows can be 

designed using the technique described in the report. Therefore, a 

system to mix gases can be designed. One restraint on such a system 

is that the flow through the amplifiers must be incompressible which 

means the supply pressures should be in the 2 psig range. 

CONCLUSIONS 

1. A double leg elbow amplifier capable of modulating water flow rate 

of 5.85 gpm with linear output flow characteristics was developed. 
The amplifier has a relatively high gain of 50 and can modulate the 

flow through its output from 5.85 gpm to zero when the control flow is 

changed from zero to 0.267 gpm. Because of low pressure inside the 

anplifier, it is extremely sensitive to the output impedance and thus 

its output ports must be designed carefully for its proper operation. 

2. Analytical expressions which predict the amplifiers output flow 

within 10 percent of their actual values were developed. These 

expressions are alm useful in designing a double leg elbow, amplifier 

with a given flow capacity. 

3. A mixing system using two such amplifiers was designed and tested 

successfully by mixing a liquid with a liquid. A system to mix gases 

can be designed by the method and the theory discussed in the report. 

28 



|
d
I
p
0
 
1NyUaA 

= 

uonounf{ 
B
u
i
x
i
w
 
ay} 

0} 
140d 

y
n
d
i
n
o
 

u
e
}
 
Ajddns 

ay} 
0} 

Y0Od 
u
i
n
j
a
 

Jaiyijduue 
ay} 

uo 
340d 

jO4]U09 

A {e) Y 0) 

g P
I
N
 

0} 
ssayas 

Z Idisosqns 

VW PIN}} 
0} 

Stayas 
| 1diosqns 

aunyxiuu 

spiniy 

“spin|} 
OM} 

Bulxiw 
410} wWaysAs 

dIpINy 
WY 

“| aunBi4 

@ PIN 

ue} Ajddns 

V
 
PINs 

u
e
}
 

A
j
d
d
n
s
 

= duwind 

@ 
PINS 

V PIN 

\
 

duind 

29 



active leg 

‘ 
Passive leg 

power jet 
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Figure 2. Double leg elbow amplifier sketch. 

30 



1/2-thick 1 

+ 
c pin 1/8dx1 

aed ya fees 1/4 
12 1 

‘ 4-1/8 

3-7/16 1-15/16 

3-9/16 

3-1/2 P 
3-13/16 d 2-5/8 1/2-thick 

oN 2-13/16 
Nl XS 

215/16 2-11/16 
39/16 2-7/8 XO 

2-1/16 
\N 1-3/4 

me 

Bion 
15/16 

1 

pin 1/Bdx1 

3-3/8 

3-12 ——_—_ $s 
41/8 

7-1/2 

Figure 3. Sketch of the experimental amplifier. 
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Scale 4 full size All dimensions in inches 

Figure 4. Details of control port on the designed element. 
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3-5/16 

3-1/2 oe 

All dimensions in inches 

Detail at A 

Figure 5. Details of the designed separation surface. 
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Figure 7. Sketch of the experimental element with the modifications. 
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Figure 31. Output flow characteristics of the amplifier. 
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Figure 37. Mixing system test setup. 
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