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ABSTRACT 

/ \ 

The requirerr.ents of an all-fluid pneumatic pressure regulator 
(having no moving parts) have been investigated and several regulation 
concepts have been studied and designed. The three major pressure 
regulator subsystem functions are: (1) throttling, (2.) feedback signal 
transfer, and (3) reference, or error detection. The throttling function 
is adequately performed by a vortex fluid state device. The feedback 
signal transfer is adequately performed by a confined-jet fluid state 
amplifier, and the reference or error detection is a built-in phenomenon 
of the confined-jet amplifier. These confined-jet amplifiers combine 
high supply pressure recovery with low control-to-supply pressure ratio. 

An alternate hybrid regulator that avoids the limitations imposed 
by the vortex throttle element and uses a mechanical variable area is 
investigated. This device is extremely practical, having a minimum of 
moving parts while retaining the high reliability and other desirable 
characteristics of a “completely all-fluid system. 
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SECTION 1 

INTRODUCTION 

Li 

li 

0 
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This final report summarizes the work accomplished under 
Contract DA 01-021-AMC-11805 (Z) to investigate methods for ail-fluid 
pressure regulation. 

Section 2 of this report reviews the pressure regulator require¬ 
ments and describes the subsystem functions required to satisfy these 
requirements. Each of the subsystem requirements is then examined 
in detail and methods of performing the functions are explored experi¬ 
mentally. 

Section 3 summarizes various regulator approaches using the 
elements described in Section 2. Each concept is analyzed and bread- 
boarded together when feasible to check operation. Two different concepts, 
one an all-fluid blowdown regulator and the other a hybrid fluid state- 
mechanical element combination, were built as deliverable items under 
the project and are also described and analyzed in this Section. 

Section 4 summarizes the results of the project, exhibits.'the 
principal conclusions, and lists the advantages and disadvantages of each 
regulator studied in Section 3. 

Appendix A gives the notation used in the main body of the report. 
Appendix B presents a somewhat more detailed analysis and description 
of the vortex valve. Appendix C presents a dynamic stability analysis 

of the hybrid regulator. Finally, Appendix D describes the pneumatic 
flow characteristics of a series of n identical orifices. 

y 
i-i 
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SECTION 2 

INVESTIGATION OF COMPONENTS FOR ALL-FLUID 
PRESSURE REGULATION 

2.1 REQUIREMENT, CONCEPT, AND SUBSYSTEM FUNCTIONS 

AMC Technical Requirement No. 715 -- Summary 

The regulator concept being investigated is based upon 
the use of vortex-type fluid elements to deliver a constant output 
pressure from a variable supply pressure. The objective of the 

investigation is to determine the feasibility of regulating the pressure 
of gas supplied to an all-fluid missile control system from a pressur¬ 
ized gas storage bottle without the use of conventional mechanical 
regulators. The gas (air or nitrogen) is to be stored at 1000 psig. The 
function of the regulator is to deliver a constant pressure of 1 5 psig to 
a fixed load orifice of 0.02 in2, while the supply pressure decreases 
from 1000 to 100 psig. A variation of plus or minus 1,5 psi is allowed, 
and the flow through the load orifice is sonic for all allowable output 
pressures. 

2.1.2 Concept and Subsystem Functions 

The three subsystem functions required to provide closed- 
loop regulation are: (1) throttling the flow of gas from the storage 
bottle, (2) reference or comparison of the output pressure with the 
desired output pressure, and (3) the transfer of feedback signals to 
exercise control of the throttling elements as a function of the deviation 
of the output pressure from the desired pressure. Although the term 
regulator implies the use of feedback, it is not necessary (at least in 

principle) to use feedback to satisfy the requirements of the regulator. 
An alternative approach is to program the effective area of the throttling 
element as a function of the storage bottle pressure. This concept uses 
the fact that, because the load orifice is sonic and the area is fixed, the 
regulator would ideally deliver a constant flow to the load. The effective 
area of the throttling element must, therefore, vary in inverse proportion 
to the bottle absolute pressure, and this variation could be programmed 
without feedback. This investigation is centered on the application of 
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Figure 2-1 - Regulator Concept and Subsystem Functions 

closed-loop control in anticipation of future AMC regulator require¬ 
ments with variable load conditions, but a combination of open-loop 
programming with feedback control is thought to offer the potential 
advantages of both approaches. The interconnection of subsystem 
functions in the regulator is represented in Figure 2-1. 

is 

2.1.3 Throttling 

The required nominal load flow at 1 5 psig output pressure 

WL = (CDC2/t1/2)ALPR 

= ((1 )(0.532)/(530)1/2)(0.02)(29.7) (2-1) 

= 0.0138 lb/sec 

where the coefficient of discharge for the load orifice is assumed to be 
one. The effective area of the throttling element must increase to 8.0 
times its initial value, as the bottle pressure decreases from 1015 to 
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115 psia and the regulated pressure from 31.2 to 28.2 psia, to satisfy 
the equation 

w = (cc /t1/2)a P 
T D 2 T S 

W 'i' 

Lj 

- <cDc2/Tl/2)ALPR 

The extreme effective areas of the throttling element must be 

(2-2) 

PB = 10.5 

and 

PB = 1,5 

A P 
L Rmax 
P^max 

A P 
L Rmin 
P min 

B 

= 0.000615 in 

= 0.0049 in 

Taking a discharge coefficient of 0.8 for the effective throttling orifice 
gives an effective diameter range of 0.031 to 0.088 inch. 

2.1.4 Feedback 

The pressure signal output from the reference element 
must be capable of changing the impedance (or effective area) of the 
throttling element. Vortex valves require control pressures greater 
than the supply pressure, so feedback signal transfer devices must 
operate at bias ratios (output/input) near 1000/20 - 50/1 when the bottle 
pressure is a maximum and the output of the pressure reference is 20 
psia. This does not imply that the perturbation signal amplification 
must be 50; the amplification required for the feedback signal transfer 
will depend on the loop gain required for the regulator and the distri¬ 
bution of this gain between the reference, feedback, and throttling 
elements. 

The output bias of the feedback amplifier must track the 
required throttling element control pressure to within its perturbation 
signal range. By feedback "amplifier" we mean all of the elements re¬ 
quired to perform the function of feedback signal transfer from the 
reference element output pressure to the throttling element control 
pressure. 
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2.1.5 PresBure Reference 

The deviation of the output pressure from the desired value 

must be sensed to provide an input to the feedback amplifier. The 
pressure reference may require separate devices for this function alone, 
or the reference function may be an intrinsic part of the characteristics 
of the first (low pressure) stage of the feedback amplifier. In either 
case, it is necessary to provide a means of manually adjusting the regu¬ 
lated pressure. The output pressure is a "gage" pressure so the refer¬ 
ence function is relative to the regulator ambient pressure. 

2.2 THROTTLING METHODS 

2.2.1 General Description of Vortex Valves 

Vortex valves are all fluid devices that exhibit a variable 

and controlled impedance. The performance of vortex valves will, 
therefore, govern the feasibility of the throttling function required for 

the regulator. 

The impedance of vortex valves is produced by a combi¬ 

nation of the pressure-flow characteristics of orifices and the radial 
pressure distribution in a vortex flow; the variable impedance is induced 

by control of the tangential velocity of the vortex field. A detailed 
analysis of the valve operation is given in Appendix B. In this Section, 
only the salient characteristics that determine the effectiveness of 
vortex valves in the regulator throttling application are described from 
the viewpoint of input-output characteristics. The geometry and nomen¬ 
clature of Bendix vortex valves will be introduced as these character¬ 

istics are described. 

The elementary vortex valve configuration is shown in 

Figure 2-2. The supply flow enters the valve inlet port and is routed 
to the vortex chamber through the annular space around the valve 
"button." In the absence of control flow, the flow is radial from the 
outer wall of the chamber toward the outlet orifice; then, because the 
pressure drop is small through the relatively large passages between 
the valve inlet and the outlet orifice, the flow through the valve is 
determined by the supply pressure, exit pressure, and the area of the 

outlet orifice in the equation 

= <CDC2/T,/2,AePsVW (2'3) 
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VALVE 
SCHEMATIC 

Figure 2-2 - Elemer*:aiy Vortex Valve Configuration and Nomenclature 

When the control port pressure is higher than the pressure 
at the outer wall of the vortex chamber, a control flow enters the 
chamber tangentially and produces a vortex flow. The vorticity of the 
combined supply and control flows is determined by their relative 
momenta and the geometrical effectiveness of the valve design. The 
radial pressure distribution in the vortex chamber (and hence the 
pressure at the radius of the outlet orifice) is determined by the centri¬ 
fugal forces on the individual elements of fluid in the vortex chamber. 
The flow through the valve is a function of the pressure at the radius of 
the outlet orifice. Therefore, the flow for a given supply pressure is 
determined by the control pressure through its influence on the 
vortex field. 

The static performance characteristics of vortex valves 
are conveniently represented by a family of curves of flow versus 

supply pressure with fixed control pressure (Figure 2-3). The uppei 
envelope of the curves of constant control pressure is the orifice flow 
characteristic for the outlet orifice; when Pq ^ no control 
flow or pressure drop from the outer wall of the vortex chamber to the 
radius of the outlet orifice. The lower bound on the curves of constant 
control pressure are points at which the supply flow is shut off com¬ 
pletely and the flow through the outlet orifice of the valve is equal to 
the control flow. The "turndown ratio" of the vortex valve is defined as 

Turndown Ratio = 
Wo P < P 

C S 

Wo p > p 
C CSC 

P = constant 
(2-4) 
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Figure 2-3 - Static Performance Characteristics of Vortex Valves 

SUPPLY 

CHAMBER 
ANNULUS 

Figure 2-4 - Schematic Symbol for Vortex Valves 
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where Pçsc t^ie contr°l pressure for supply flow cutoff at the given 
supply pressure. The turndown ratio is nearly independent of Pg for 

PS » Pe' 

The schematic symbol for vortex valves is given to 
Figure 2-4. The valve configurations represented by this symbol are 
generally more complex than that shown in Figure 2-2, but the use of 
multiple-control ports and double- exit valves does not alter the funda¬ 

mental concept of the vortex valve. 

2.2.2 Vortex Valve Design 

In a practical valve, the functional schematic form of 
Figure 2-2 is implemented as in Figure 2-5. The supply flow, instead 
of being admitted to the vortex chamber at one location, is introduced 
through an annular plenum formed by a button-shaped insert in the 
chamber. The flow distributes itself around the plenum and then enters 
the chamber through the annular restriction (with respect to the plenum 
area) formed by the button outside diameter and the chamber inside 
diameter. This configuration provides a uniform sheet of fluid around 
the chamber diameter in contrast to the non-uniform flow distribution 

of a signal supply hole chamber. 

Figure 2-5 - Schematic of Vortex Valve Design 
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This configuration also allows the introduction of tangential 
control flow at several points around the periphery of the chamber or 
around the button outside diameter. In addition, the annular restriction 
forces the tangential flow to mix completely with the supply flow, resulting 

in maximum vortex efficiency. 

The basic configuration described above may be altered 
or adjusted several ways to optimize performance. The most effective 
single modification is to provide a doublet exit hole by placing a second 
exit hole in the button. This reduces the losses at the exit hole, resulting 

in improved efficiency. 

2.2.3 Vortex Valve Experimental Investigation 

Several breadboard vortex valves were designed and 
fabricated to investigate vortex valve geometry and its effects or. per¬ 
formance. A "building block" assembly was designed to provide maxi¬ 
mum flexibility during experimental investigations and future circuit 

studies. 

The vortex valves are assembled by sandwiching a button, 
injector manifold, injector plate, injector cover, and receiver between 
manifold blocks. Figure 2-6 shows a typical vortex valve assembly. 
Each component can be replaced or modified individually. 

The injector plate design is shown in the close-up, Figure 2-7. 
When placed between the injector manifold and injector cover, and over 
the button, the injector plate forms the outside wall of the vortex cham¬ 
ber. Control ports A and B are common as are control ports C and D. 
Control ports A, B, C and D are on one side of the injector plate and 
are additive in the sense that they induce control swirl in the vortex 
chamber in the same direction. Control ports E and F (F is not visible 
in Figure 2-7) are located on the opposite side of the injector plate; they 
are common and induce swirl in opposition to control ports A, B, C and 
D. By choice of angular locat:.on of the injector plate, the vortex valve 
may be assembled with two sets of control ports that induce swirl in 
either the same or opposite directions. A thin (approximately 0.005 
inch) teflon gasket bonded to the injector manifold and injector cover, 
seals the communicating passage between control ports. 
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Figure 2-6 - Typical Vortex Valve Components 

Figure 2-7 - Control Injector Plate 

2*2.4 Vortex Valve Performance 

2.2.4.1 Single Exit Vortex Valve 

Both a 5/8 inch and a 1 inch vortex valve were 
studied to determine optimum turndown geometry for the required 
regulator flow. The best performance curve of a single-exit valve 
is shown in Figure 2-8. The characteristics of valves are obtained 
experimentally by plotting the pressure upstream of a load orifice; in 
Figure 2-8, the load area is equal to the required regulator load area. 
The pressure downstream of the load orifice is nearly atmospheric so 
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figure g-8 . Single Exit Valve Performance 

the load flow is given annyn 

P0,S P°ig and P0 iZ»ZZl ,b5 ,0f014'<PO + ‘5) /30 „here 

expression for the load flow is multiDli'H^.0r,Po leSS ‘han 15' the 

valve has an exi, orifice diameter ofo 08 ‘ + This 
inch required to deliver the desired I ^ leSS than the °-038 

“f 100 Psi*. »U. its performance cha'^ a‘ a Pressure 
the throttling function. We see th., ,^ ,1 are useful in studying 

load flow for supply pressures between lio' delÍV'r ^ re<iulred 
supply pressure ratio 665/165 = 4 0 is th PSig' The absolute 
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(103 + 15)/30 = 3.94. It is evident that the supply flow must be cut off 
when Pg - 650 psig, and that a control pressure of Pç. = 750 psig is 
required. The results of the tests established the following design 
guidelines: 

1. Vortex chamber lengths between one quarter exit hole diameters 
and several exit hole diameters do not affect maximum turndown. 

2. Exit hole diameter-to-chamber diameter ratio should be about 
one-eighth. 

3. Control port area to exit hole area ratio should be about 
one- eighth. 

4. The annular clearance around the button is very critical for "good 
mixing" and control port effectiveness and should be minimum. On 
the other hand, it must not be so small that a significant pressure 
drop occurs. 

5. Control port configuration, i.e., round hole or square slot is 
not very critical. 

6. Control port number, i.e., signal tangential hole or series 
of tangential ports is not critical. 

2.2.4.2 Double-Exit Valve Performance 

By adding an additional exit hole in the vortex 
valve button, the maximum flow capacity of the valve can be increased 
without a proportional increase in the control flow required to achieve 
full turndown. Figure 2-9 shows the performance of the valve with the 
characterisitcs of Figure 2-8.after conversion to a double-exit con¬ 
figuration. This makes the valve too large for the present application; 
it now delivers the required load flow between supply pressures of 

125 and 500 psig. But the increased effectiveness of the double-exit 
configuration is demonstrated by the range of supply pressure over 
which the valve will deliver twice the required flow. The absolute 
supply pressure ratio is now 680/115 = 5.9 which is a 50 percent 

improvement in supply pressure range over the single exit configuration. 

The full advantage of double-exit valves is not 
demonstrated in the above comparison because the modified valve did 
not realize the improvement in turndown capability that was expected. 
The turndown ratio evaluated at Pg = 640 psig in Figure 2-6 is 4.6 
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Figure 2-9 - Double Exit Vortex Valve Performance 

which is to be compared with the turndown of 3.9 for the single exit 
valve. The slight improvement in turndown in this case is attributed 
to the loss of control port effectiveness that resulted when the annular 
clearance around the button was increased without a corresponding 
change in the control port. Another double-exit valve has demonstrated 
an 8.1/1 turndown ratio at a supply pressure of 80 psig, and the->*e 
should be no change in its turndown ratio at higher pressures ( no 
such change has been experienced in other valves). The 8.1/1 turn¬ 
down ratio of this valve was confirmed prior to making the modifi¬ 
cations in the original single exit valve button. 
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2.2.4.3 Tangential Control Performance 

Both configurations above require control pres¬ 
sures equal to the supply pressure at full flow and control pressures 
above supply pressure at minimum flow. A third vortex throttling 
device controlled by a pressure less than supply is shown schematically 
in Figure 2-10. At Pc equal to zero, the flow is minimum and at P 

equal to Ps, the flow is maximum. This configuration was also experi¬ 
mentally investigated and the results are shown in Figure 2-11. We see 
that the valve will deliver the required load flow for supply pressures 
between 650 and 225 psig. The absolute supply pressure ratio 665/240 = 
2.77 or the turndown ratio is 2.77. It is evident that the maximum flow 
occurs when P equals P . s c 

A exit hole diameter to chamber diameter ratio of 
one-twelfth proved to be optimum in this case. 

2-2-5 Multiple-Stage Vortex Throttling Valve 

The problem of providing adequate turndown for the 
throttling valve suggests the possibility of one or more vortex valves 
ac ting as variable impedances, and turned the investigation toward the 
rrore general question of how to stage or combine vortex valves to 
realize throttling performance that cannot be achieved in a single valve 
alone. 

Figure 2-12 shows a circuit consisting of two vortex 
valves connected in series and indicates the pressure and flow notation. 
The last subscript "i" refers to the initial conditions and the last sub¬ 
script "f" refers to final conditions. 

Figure 2-13 gives a representation of the normalized 
flow pressure characteristics of a variable pneumatic impedance. The 
upper curve AC represents the device "turned on," with the impedance 
a minimum. The lower curve BD represents the device "shut off" with 
the impedance a maximum. 

The curves are plotted as wq/wn versus Pu/Pd where 
pu/pd is the Pressure ratio, wQ is the outlet flow, and: 
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Figure 2-10 - Tangential Control Vortex Valve Schematic 

PRESSURE (PSIC) 

Figure 2-11 - Tangential Control Vortex Valve Performance 
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Figure 2-12 - Staging Analysis - Schematic and Notation 

Figure 2-13 - Normalized Flow-Pressure Characteristics 
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where 

g 
k 
(k+l)/(k-l) (2-6) C2 

R 

The equation of the straight line segment A is: 

w r 
o _ u 

w.. P 
N d 

The equation of the straight line segment B is: 

R w P 
to u 

(2-7) 

(2-8) 

where Rt is the turndown ratio (maximum impedance divided by mini¬ 

mum impedance) of the device. 

A rigorous description of the curved line segments C and 

D would be based upon the equation for the flow of a compressible fluid 
through an orifice or nozzle. However, it is sufficiently accurate and 
much more convenient to use the elliptical approximation to the com¬ 
pressible flow equation credited to Fleigner.*1 Based on this approxi¬ 

mation, the equation for the curved line segment C is: 

1 (2-9) 

Similarly, the approximate equation for the curved line segment D is: 

1 

'R w , 
t ol 
w 

N 

(2-10) 

Equation (2-10) is only an approximate description of a 

vortex valve in the full turned down condition which will have a critical 
pressure ratio significantly greater than 2. However, the equation will 

be sufficiently accurate for use in the region 1 < Py/Prf < 2. 

"Thermodynamics," J. E. Emswiler, F. L. Schwartz, McGraw-Hill 
Book Company, Inc., New York and London, p. 302, 1943. 
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If the staged vortex valves of Figure 2-12 are part of a 
perfect pressure regulator supplying a fixed load we can say: 

w + . + w = w +w +w 
Si CAi CBi CAf CBf Sf 

P = P = P 
Ri Rf R 

(2-11) 

(2-121 

If the downstream vortex valve B is to exercise any control over the flow 
through the staged impedances, the upstream vortex valve A must 

operate in a range of pressure ratios such that charges in the interstage 
pressure P^ will affect the flow through the vortex valve A. If the 
vortex valve A was an orifice, this would be approximately defined by 

1 ^ ^m ^ Since a wide open vortex valve is an orifice and since 

^Bi^mi < ^Bf/^mf we can say that 1 ^ -^B^m 5; That is, vortex 
valve A must operate in the region described by equations (2-11) and 
(2-12). For convenience we can assume that vortex valve B is described 
by equations (2-9) and (2-10). 

If vortex valve A is in the fully turned down condition 
wS ~ 0 and the control flow will be the full flow through the valve. 
It will be impossible to operate vortex valve B in the fully turned down 
condition unless = 0. 

If we let RtA be the turndown ratio of vortex valve A 
and RtB be the turndown ratio of vortex valve B, we can write the fol¬ 
lowing equations from equations (2-7) through (2-12) noting that the 
initial impedances must be a maximum if PR and Wg + wCA + wCB are 
to be constant. This implies that wgi = WQ^f = ^CBf = 

R (w + w ) 
tB CAi CBi 

C_ C A P 
2 d B mi 
yr (2-13) 

w 
CCA 

2 d B 
Sf mf (2-14) 

RtA ^CAi 

2 C C A P 
2 d A mi Bi 

P 
mi, 

- 1 (2-15) 
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2 G, G A p 
2 d A mi 

w 
Sf yf 

Bf 

mf, 

We will define a parameter ^ : 

A 
* =-7 

w 
CAi 

w 
CAi 

w + w_ 
CAi CBi 

w 
Sf 

(2-16) 

(2-17) 

Equations (2-5) and (2-13) through (2-17) may be combined to give: 

X, 
4>R 

tA 

tB 

P 
mi 

Bf 
> 
mf 

- 1 

(2-18) 

We will define an overall turndown ratio for the staged vortex valves 

R 

AP 

to " P 

Bi 

Bf 

From equations (2-13) and (2-14) it can be seen that 

P 

R 
mi 

tB P 
mf 

Combining equations (2-18) through (2-20) gives. 

R 
to 

mf 

Bf 

2 2 2 
R - R A 

tB tA 
R 

tB 

2 
R 

tA 
R 

tB 
The limiting cases are 

If —— = 1, R = R 
P to tB 

Bf 

(2-19) 

(2-20) 

(2-21) 

(2-22) 
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2 

PBf 2 

2 2 

r,b ++ r.a 
2 R 

(2-23) 
tB 

From the above equation, it can be seen that unless i|> RtA > ^tB’<^to 
< RtB’ Furthermore, it will be impossible to operate vortex valve B 
in the fully turned down conditions, since provision must be made for 
the flow • Thus the value for in the staged configuration will 
be less than the maximum Rtg possible. Permitting even small amounts 
of supply flow to enter a vortex valve significantly decreases turndown 
ratio. 

Since the overall turndown ratio of the two vortex valves 
connected in series will in general be less than the turndown ratios of 
the individual valves, and since the effective turndown ratios of the 
individual valves will be less than the maximum possible value, it may 
be concluded that staging valves will give no improvement in turndown. 
In certain cases, there will be an improvement in the value of Pq/Pq 
required to obtain a given turndown. This will be discussed in the 
next Section. 

2.2.6 Vortex Throttling Valve with Vortex Pilot Valve 

Another method of cascading vortex valves is to use a 
"pilot" valve (Figure 2-14) which feeds the control and supply ports of 
a second valve as shown in Figure 2-15. The "pilot" valve pickoff 

SUPPLY 

PILOT VALVE 
CONTROL ,VORTEX CHAMBER 

SUPPLY- 

EXIT 

EXIT 

PICK OFF 

CONTROL 

OUTPUT 
S 

¿ 

Figure 2-14 - Output Configuration 
for Vortex Pilot Valve 

Figure 2- 15 - Pilot 
Configuration of Cascaded 

Vortex Valve 

2-19 



convert, the vortex valve into an amplifier. The difíerent.al prensare 
change between the two pickoff exit. (Figure 2-14) changes much more 

rapidly than the control pressure. Furthermore the central exit of the 
pickoff see almost 9» percent of the supply pressure with no contr 
or swirl flow exit, and almost aero pressure when the valve is turned 
down. The annular exit around this center pickoff serves to capture 
the diverted flow from the pickoff when it is shut off by full centro 
flow. The characteristics of valves connected in this way were deter¬ 

mined experimentally and the effect of the pickoff ‘”Ve8U- 
gated over a range of 0.25 to 1.75 outlet hole diameters. When die 
pickoff is 0.25 diameter from the outlet hole., the valve combination 

require, a minimum PC/Ps f°r fuU turndown’ but the ‘hfottllne ca" 
not be controlled over the complete throttling range. A jump p e . 

non with hysteresis occurs at the most sensitive operating point until 

the pickoff is moved to about 1.25 diameters from the outlet hole. .When 
the pickoff is more than 1.25 diameters from the outlet hole, the turn own 
ratio is reduced. Performance characteristics for the pilot configur 
of cascaded valves, with what appears to be the best location for the 

pickoff. are shown in Figures 2-16 and 2-17. From Figure 2-16, the 
pressure range where the combined valves will satisfy the regulator 

throttling requirement is from 900 to 200 psig. 

2.3 FEEDBACK METHODS 

2.3,1 Performance of Confined-Jet Amplifiers 

The feedback amplifier must operate with output bias 

pressure higher than the input bias pressure. The confined-jet amplifier 

shown in Figure 2-18 is the only available element with characteris 
that satisfy this requirement, so the performance of individual confined- 
jet amplifiers must be well understood before an attempt is made to 

combine them in a staged feedback amplifier. 

The test schematic diagram and the confined-jet receiver 

configurations that have been investigated are shown in Figure 2-19. 
Ficures 2-20 to 2-23 show the output pressure versus control pressure 
with various constant supply pressures. For these tests, the receiver 
was positioned two nozzle diameters from the nozzle and load orifice 
area was one-half of the nozzle area. Note that the noisy operation in 
the high gain region of receiver A is reduced by the internal cone o 
receiver B. The noise is further reduced by the coned configurations 
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Figure 2-16 - Two-Stage Piloted Vortex Valve Performance 

Figure 2-17 - Two-Stage Piloted Vortex Valve Performance 
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RECEIVER 

OUTLET' 

NOZZLE 

INLET 

(CONTROL) 

SCHEMATIC SYMBOL 

Figure 2-18 - Confined-Jet Amplifier Configuration 
and Schematic Symbol 

SUPPLY SUPPLY 

RECEIVER A 

90° CONE 

RECEIVER A — 
0.060 

RECEIVER C 0.090 

RECEIVER D 

P-3075 

Figure 2-19 - Confined-Jet Amplifier Test and Receiver Configurations 

of receiver C and D. Forty variations of receiver spacing from L/D 
= 0.5 to 3 were investigated, using the four receiver configurations. 
Of these, the performances of receivers B and D (Figure 2-21 and 
2-22) offer the highest incremental gain and operating range with com 
paratively low noise. The useful operation appears to be in the range 
Pc/Ps = 0.15 to 0.25, and the maximum output pressure is about 
70 percent of the supply pressure. 
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An interesting, and possibly useful property of confined- 
jet amplifiers is illustrated in the test results shown in Figure 2-23. 
För this test, a type-A receiver was used with L/D = 1.4 and the load 
area was equal to the nozzle area. We observe that, if the control 
pressure is held at 55 psig, the output pressure is very nearly inde¬ 
pendent of the supply pressure for 300 < Pg < 500. This property, a 
result of the over-lapping characteristics for different supply pres¬ 
sures, seems to hold for the type-A receiver more than the others, and 
the range of the supply pressure independence seems to increase with 
the load area. The output pressure recovery falls off with increasing 
load area, so there is a limit to the supply pressure range that can be 
obtained by loading. 

2*3.2 Confined-Jet Amplifiers with Vortex Control Valves 

A single-stage feedback amplifier is formed by using a 
vortex valve to control the vent flow (or pressure) of the confined-jet 
amplifier as shown in Figure 2-24. The output pressure recovery of 
the confined-jet amplifier is greater than the control pressure required 
for the vortex valve, so the output can be used directly to provide either 
positive or negative feedback around the amplifier. The performance 
of this circuit is shown in Figures 2-25 and 2-26. The use of positive 
feedback increases the output pressure recovery and reduces the con¬ 
trol pressure required to deliver the maximum output pressure. 

2.3.3 Parallel-Staged Confined-Jet Feedback Amplifiers 

The parallel-staged feedback amplifier configuration is 
shown in Figure 2-27. The input-output characteristics of this amplifier 
are shown in Figure 2-28 and the corresponding interstage pressures 
are shown in Figure 2-29. These characterisitcs were obtained without 
positive feedback around either stage; it does not appear that positive 
feedback will be required to get high incremental gain. The character¬ 
istics with the load area set to produce output pressure saturation at 
about 70 percent of the supply pressure are shown in Figure 2-30. 

2.4 REFERENCE METHODS 

2.4.1 Single Versus Multiple-Orifice Bridge 

The pneumatic flow characteristics of a series of equal 
area orifices have been developed in Appendix D; these results can be 
normalized by means of the following equation. 
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Figure 2-24 - Single-Stage Feedback Amplifier Test Schematic 

Figure 2-25 - Single-Stage Feedback Amplifier 
Performance; No Feedback 
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Figure 2-26 - Single-Stage Feedback Amplifier Performance; 
Positive Feedback 

Figure 2-27 - Parallel-Staged Feedback Amplifier Test - Two Stages 
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Figure 2-28 - Two-Stage Feedback Amplifier Performance 

Figure 2-29 - Two-Stage Feedback Amplifier Interstage Pressure 
Corresponding to Figure 2-28 
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(2-24) 

If n=l, the above equation gives the function which is frequently used 
to calculate the flow of gases through restrictions. The function g 
(Pcj/Pu) is plotted in Figure 2-31 for n=l, 2, 5, and 10 and k =■ 1.4. 

As can be seen from the Figure 2-31, increasing the 
number of orifices makes g (P^/Py) a more nearly linear function of 
P(j/Pu and also decreases the critical pressure ratio. For n = 10, 
the critical pressure ratio is approximately 0.250 compared to 0.528 
when n =1. 

This change in shape of the flow function curve as 
pressure ratio changes appears to have application as a method of 
measuring changes in regulated pressure. If a series of n orifices 
is flowed in parallel with a single orifice, the relative quantities of 
flow in each branch will be a function of pressure ratio across them. 
The changes in flow in the two branches may be detected if the branches 
are in the supply and control lines of a vortex pressure amplifier as 
is indicated in Figure 2-32. 

One restriction is that the outlet orifice of the vortex 
pressure amplifier must be flowing at a nonsonic pressure ratio. 
This is a consequence of the fact, as is shown in Appendix D, that 
settling the pressure ratio across an orifice sets the pressure ratio 
across any other orifice in series with it. If the outlet orifice of the 
vortex pressure amplifier is at a sonic pressure ratio, its pressure 
ratio will be effectively independent of changes in the sensed pressure. 
As a consequence, the pressure ratio across the parallel orifice 
branches will be fixed and the relative flows through the branches will 
be fixed, locking the operating point of the pressure amplifier. 

In all fluid state systems, it is important that the various 
components be properly matched. Thus, the pressure amplifier must 
be capable of supplying flow to the components it controls. The ability 
of a pressure amplifier to deliver flow decreases as its gain increases. 
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(o) SCHEMATIC (b) EQUIVALENT CIRCUIT 

Figure 2-32 - Single Versus Multiple Orifice Bridge 
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Figure 2-33 - Reference Circuit Test Schematic 
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Furthermore, the output of the pressure amplifier is at a lower level 
than the sensed pressure. These factors impose restrictions upon 
this approach which will require further investigation. 

2.4.2 Reference Circuit Using Jet-on-Jet Amplifiers 

The use of a sonic versus subsonic-orifice bridge circuit 
has been demonstrated using jet-on-jet amplification as shown in Figure 
2-33. In this circuit, orifice R4 is sonic and R1 is subsonic at the 

quiescent operating pressures indicated on the Figure. The pressures 
downstream of orifices R1 and R4 are set equal at quiescent conditions 
so there is zero differential output from the proportional amplifiers; 
these pressures do not change symmetrically with small variations of 
the throttling valve (hand valve), so a differential input signal is applied 
to the control ports of the first proportional amplifier when the regulated 
pressure changes as a result of a change in the throttling valve flow. 

The input differential pressure signal is amplified by the proportional 
amplifiers to drive a flip-flop output device. 

The performance of this reference circuit is shown in 
Figure 2-34 where several traverses of regulated pressure were made 

Figure 2-34 - Reference Circuit Switching Characteristic 
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to examine repeatability. The maximum total hysteresis is less than 
1.5 psi, but there is some erratic switching at regulated pressures 
above 19 psig. This test was intended only to demonstrate the feasibility 
of orifice reference bridges and not the method of reference signal 
amplification. 

2-4-3 Inherent Reference of Feedback Amplifiers 

The two proceeding reference schemes have been based 
upon the detection of shifts in the regulated pressure by means of 
orifice bridge circuits and the amplification of the output of the bridge 
by means of fluid amplifiers. The output of the reference circuit is 
then further amplified in the feedback circuit to furnish a signal 
which is capable of controlling the throttling element. 

Since the feedback circuit is required to amplify the 
output of the reference circuit in any event, the question arises as to 
the need for amplification in the reference circuit. Elimination of the 
reference circuit amplifier has one desirable feature, the drop in pres¬ 
sure across the reference circuit is eliminated, reducing the magnitude 
of the pressure ratio across the feedback circuit. 

Elimination of a separate reference circuit implies that 
the difference between atmospheric pressure and the regulated pressure 
can be applied directly to the input of the feedback circuit. Or, the 

complete regulator can be a closed system with only the output pressure 
open to atmospheric pressure. Such a regulator would be an "absolute" 
pressure regulator as it would tend to keep the output pressure at a 
level independent of atmospheric pressure. 
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SECTION 3 

INVESTIGATION OF REGULATION CONCEPTS 

3.1 CONTROL OF THE THROTTLING VORTEX VALVE 

3.1.1 General 

To control the valve in Figure 2-8 along the line of P0 = 
15 psig, the control pressure must be at least equal to the control pressure 
ratio Pq/Ps = 1.15 times the supply pressure when Pg = 650 psig and 
decreases to the supply pressure as the supply pressure decreases to 
150 psig. 

The simplest control scheme would be to store part of the 
gas at higher pressure for control purposes as illustrated in Figure 3-1. 
PBC mu8t be greater than Pß if the programming, reference, and feed¬ 
back elements are to provide the control pressure Pc required along 
the line PR = 15 psig in Figure 2-8. Extending this line to the right, 

STORAGE 
BOTTLE 

STORAGE 
BOTTLE 

Figure 3-1 - Single-Stage Vortex Throttling Element with Part of the 
Gas Supply Stored at Higher Pressure for Control Purpo-.es 
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beyond the range of the single-exit valve, we estimate the control pres¬ 
sure required for supply flow cutoff would be 1160 psig when the storage 
bottle pressure Pß is 1000 psig. If the feedback amplifier can then 
deliver a Pç up to about 8Ö percent at Ppçi a storage pressure of 1500 
psig would be enough for the supply cutoff point at Pß = 1000 psig in 
Figure 2-8. We see that a valve with turndown ratio 181/30 = 6.0 would 
provide the throttling range from Pß = 1000 to 150 psig. This dual 
storage bottle concept will be discussed further in another section. 

Another potential method of obtaining the P^/Pg ratio 
required to shut off the throttling vortex valve at the higher levels of 
Pß would be to use a pressure dropping orifice in the supply line of 
the vortex valve. However, this approach can be eliminated from con¬ 
sideration for this application by the following analysis. 

A large signal vortex valve characteristic similar to the 
characteristic shown in Figure 2-8 was programmed on a digital com¬ 
puter. This characteristic was then applied to the circuit shown in 
Figure 3-2. 

3.1 2 Load Line Analysis 

Figure 3-3 shows the general characteristics of a typical 
vortex valve. In the top figure, 3-3(a), the supply flow characteristic 
of the valve is shown at zero control flow and at four fixed control 

pressures, Pci, Pc2> Pc3 anc* Pc4* T*16 orifice characteristic may be 
superimposed on this map. This representation is helpful when the 
characteristics of the circuit shown in Figure 3-2 are to be evaluated 
at a constant value of P. . This is the case when the orifice is used 
to generate the difference between supply and control pressure necessary 

Figure 3-2 - Circuit Schematic 
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Figure 3-3 - Typical Load Line Analy s is 

to operate a vortex valve from a single pressure source. The middle 

cÒntrfl,8Ure 3'3(b> giVeS the COntro1 «o» «rves « the corresponding 
control pressures Pcl through Pc4. In the bottom plot, Ptgure 3-31^ 
the total flow through the valve, Wn = W+ W ao- u i. ’ fhP wo w s + Wc, as given by the sum of 
the upper two curves is shown. 

At this Zero control flow occurs at Ps = pc for the vortex valve 
At th.s condition, the value of V's is defined by the sire of the series 
rifice and the size of the vortex valve for a fixed P. . For the con 

dittoes shown, the pressure drop across the orifice is sufficiently hûh 
to develop sonic flow through the outlet of the vortex valve. Thus th! 

vafue of T 1SThePesndeni' ^ ^ °£ th' UpStream oH£i“ “d the 
two flow cS'vel at poinP,yAPre8SUre ^ ^ ^ ‘"'-section of the 

Increasing the control pressure to the value P , is shown 

sVfTi COTnhStant C°nt.r,01 Pr-sure characteristic curve in the'top figure 

fs" still on the8soP y S'U1 3ame’ aS ,he ‘“'ersection point B 
on the some portion of the orifice load line. The supply pressure 
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P8l intersection; the corresponding control flow is W ^ as 
given in the middle graph, Figure 3-3(b). The total flow is greater at 
this point than at the initial condition with zero control flow. Further 
increase in the control pressure results in a general increase of the 
outlet flow as long as the flow through the series orifice is sonic, point 
C. Only after the flow becomes subsonic in the orifice, point D, will 
the total flow gradually decrease by increasing the swirl within the vor¬ 
tex valve. At the end, if the control pressure is increased sufficiently, 
Pc4, the supply flow becomes zer >, point E. 

The above discussion indicates the general behavior of 
the vortex valve with a series orifice in the supply line: 

(1) Flow turndown takes place only in the subsonic range. 

(2) The turndown will be significantly reduced if the con¬ 
trol pressure is not allowed to exceed Pjn, as shown 
in Figure 3-3(c). 

(3) The maximum and the minimum flow conditions do not 
occur at the end points. 

(4) The relative size of control port and series orifice 
will significantly influence the exact behavior of the 
circuit. 

(5) The most promising operation zone is in the highly 
nonlinear range. 

The last poin', is illustrated in Figure 3-4, giving the effect 
of both the series orifice size and the control port size. The operation 
of the circuit with two sizes of control port and two sizes of series 
orifice is shown. Only the two end conditions are defined by the load 
lines: the condition at zero control flow, and the condition where P- = 
Pc is used for the minimum flow. The total flow through the circuit 
is again shown on the bottom graph, Figure 3-4(c) for the four combi¬ 
nations. The optimum flow turndown is dependent on the value of the 
maximum flow that occurs at an intermediate control pressure. Thus, 
if a reasonably accurate prediction of the ratio of maximum to mini¬ 
mum flow is desired, end point analysis will not be satisfactory. The 
load line technique will result in accurate prediction only when the 

nonlinear characteristics of the vortex valve in the area are well-defined. 

uvMNNMaa 
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Figure 3-4 - Load Line Analysis Effect of Port Sizes 

3.1.3 Computer Analysis 

In addition to the vortex valve characteristics, the series 
orifice flow is described by 

tt 2 
= 7 Dt 4 L 

P. Cf 

in 1 1 
(3-1) 

Figures 3-5, 3-6, and 3-7 indicate that the general charac¬ 
ter of the circuit is as anticipated from the load line analysis. Figure 3-5 
represents the results with a vortex valve using a 0.030-inch control 
port, Figure 3-6 with a 0.055-inch control port and Figure 3-7 with a 
0.086-inch control port. In each of the three figures, the results with 
0.312-, 0.208-, 0.104-, 0.073- and 0.052-inch load orifices are shown 
corresponding to flow area ratios of 9, 4, 1, 0.5 and 0.25 between the 
load orifice and the vortex valve outlet orifice arec.s. From the curves, 
the turndown ratio may be calculated for various conditions. The maxi¬ 
mum turndown possible if Pc can not exceed Pin is of interest repre¬ 
senting the operation of the circuit from a single pressure source. 
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One-hundred percent pressure recovery of the control element that 
would regulate the flow resistance between P^n and Pc is assumed. 

From the curves,performance with other limits, such as pcmax < 0.8 Pin, 
can be evaluated. In the following, the turndown possible with Pc < P^n 
will be discussed. 

For smaller control ports, Dc = 0.030, Figure 3-5, no 
turndown occurs in the area Pc < Pin. As Dc is increased to 0.055 in 
Figure 3-6, the turndown is improved. Further improvement is observed 
by increasing Dc to 0.086 as shown in Figure 3-7. 

A summary of the turndown ratio is shown in Figure 3-8, 
indicating the best turndown at the largest control port and a load ori¬ 
fice size of about 0.070. The best turndown for the circuit was only 1.22. 

The turndown was evaluated as a function of the series ori¬ 
fice size for additional control port sizes. The best turndown for each 
combination is shown in Figure 3-9 as a function of control port size. 
The best turndown for the circuit is 1.28 and occurs when the control 
port size equals the outlet size of the vortex chamber. The turndown 
for the circuit does not have a very sharp peak, indicating that several 
combinations of control port size and series orifice size give near maxi¬ 
mum flow turndown. 

3.1.4 Experimental Verification 

The basic experimental curve used to describe the vortex 
chamber in the analysis was a curve representing the X-19 vortex valve. 
Thus, some of the results of the analytical calculation may be compared 
with available test data on the X-19 valve, also the series orifice circuit 
performance can be evaluated at the calculated operating conditions using 
the X-19 vortex valve. 

The turndown ratio of the vortex valve as a function of 
control port area is shown in Figure 3-10. The experiments were 
performed at 54.7 psia supply pressure, the calculations were based 
on 147.7 psia supply pressure. The agreement between the calculated 
and experimental flow turndown ratio is good. The same turndown ratio 
cut es are given as a function of control port to outlet diameter ratio 
in Figure 3-11. 

Using all four control ports of the X-19 vortex valve in 
parallel, the total effective control port size is 0.086 inch. In the 
double outlet configuration, the effective outlet flow area is that of a 
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Figure 3-8 - Effect of Series Orifice on Turndown Ratio 

Figure 3-9 - Effect of Control Port Size on Turndown Ratio 

0.104-inch diameter port, the dimensions used in the calculations pre¬ 
sented in Figure 3-7. The total flow through the valve and the control 
pressure was recorded on a X-Y plotter as shown in Figure 3-12. In 
addition to the flow curves at constant Pjn, the maximum flow at zero 
control flow and the minimum flow at zero supply flow is shown. The 
flow turndown at 147.7 psia supply pressure is 4.4 and agrees well 
with the calculations shown in Figure 3-11. 

The four turndown curves representing different series 
orifice sizes were obtained by adjusting valve "A" with valve "B" 
closed until the starting value of Pc for each of the calculated curves 
given in Figure 3-7 were established. From the starting point, valve 
"B" was gradually opened and the total flew recorded as a function of 
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Figure 3-10 - Turndown Ratio Versus Control Port Size 

Figure 3-11 - Flow Turndown as a Function of Relative Control Port Size 
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Figure 3-12 - Experimental Evaluation of Series Orifice Circuit 

control pressure. The agreement between the analytical prediction of 
Figuro 3-2 and the experimental results shown in Figure 3-12 is excellent. 
The use of actual fixed orifices instead of valve "A" in the experiment 
was not considered worth the additional complexity, as the orifice sizes 
must be usually adjusted experimentally to compensate for variations 
in the contraction coefficient of the orifice. 

Some improvement in operating range is obtained by using 
a series of orifices in place of a single orifice for the restriction. This 

is a consequence of the fact that the critical pressure ratio of a series 
of orifices is less than that of a single orifice. This is discussed in 
Appendix D. The effect of the multiple orifices can be analyzed by 

determining the function of Ps/Pß corresponding to fj (Pg/Pj) used in 
the preceding discussion. The advantage of increasing the number of 
orifices n decreases rapidly for n > 10 so we have approximated fjg 

(Ps/Pb) in Figure 3-13 to illustrate the control range obtained by using 
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Figure 3-13 - Determination of Supply Pressure Requirements 

for Single and Multiple Orifice Restriction in 

Supply Line of a Vortex Throttling Valve 

ten orifices in series. If the series of orifices is sized for an initial 

Ps/pB = °>64> the inlet pressure can drop to abc.i.t one half of its initial 
value before the series of orifices begins to limit the supply flow. To 

obtain the throttling range required for the regulator, the pressure ratio 

across the series of orifices must be Ps/Pb r 0.98 when PB is ten times 
its minimum value. 

Although there is some advantage in using a series of 

orifices instead of a single orifice, a restriction in the vortex valve 

supply line can not be used to drop the supply pressure to the valve for 
control purposes in this application. 

3.2 CONTROL OF THE PILOT VORTEX VALVE 

3.2.1 General 

The pilot vortex valve configuration provides a reduction 

in the ratio Pq/P$ required for maximum impedance sensitivity and 

full turndown, but putting a restriction in the supply line of the pilot valve 

to obtain even this Pq/P^ requirement is still impractical. 
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From Figure 2-9, Pç > 1120 psig is required for full 
turndown when Pg = 1000 psig. We must provide a pressure source 
greater than the supply pressure to obtain effective throttling control. 
For the throttling tests shown in Figure 3-14, Pg^ was set at 1.5 Pg^ 

psig. The throttling performance with (positive feedback path) 

closed is shown in Figure 3-15. The circuit will not throttle to the 

required load flow above Pg^ = 700 psig, but the operating line P = 21 

psig shows that a properly sized valve would operate to a minimum inlet 
pressure of about 225 psig. 

It is not necessary to size the valve perfectly, however, 
because the positive feedback path Ap^ can be used to lower the throttling 

saturation for P^ > 700 psig as shown in Figures 3-16 and 3-17. The 

positive feedback reduces the control pressure Pp required to throttle 
3 

the load flow to the required value without significantly increasing the 
minimum inlet pressure. 

3.2.2 Dual Volume Gas Bottle 

In a previous section, an approach to the throttling element 
was discussed which involved the use of a dual volume gas storage bottle 
shown in Figure 3-1. One of these gas volumes is pressurized to a 
higher level than the other and serves as a source of control pressure 
for the throttling of the flow from the lower pressure bottle. The dis¬ 
cussion was concerned with the throttling element requirements; the 
discussion here will be primarily concerned with gas storage requirements. 

It can easily be shown that for single compartment spher¬ 
ical pressure vessels or for single compartment cylindrical pressure 
vessels having spherical ends and identical L/D ratios, the pressure 
vessel weight for a given factor of safety and weight of gas is theoreti¬ 
cally independent of the storage pressure. Although practical constraints 
may alter this conclusion somewhat in certain applications, it can 
generally be considered to hold in the real case. 

Storage volume, on the other hand, decreases inversely as 
initial storage pressure. Ullage is also reduced. As a result, as pres¬ 
sure vessel technology improves, the trend has been for gas storage 
bottle pressures to increase, especially in military and aeronautical 
applications. 
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Figure 3-14 - Throttling Circuit Test 
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Figure 3-15 - Two-Stage Piloted Vortex Valve Performance 
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Figure 3-16 - Two-Stage Piloted Vortex Valve Performance 

.Positive Feedback) 

Figure 3- 17 - Two-Stage Piloted Vortex Valve Performance 

(Positive Feedback) 
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In view of the above, the necessity of having to store the 

pressurizing gas at two different levels must be considered a disadvan¬ 

tage. Furthermore, the possibility of leakage disturbing the required 

balance between the weights of gas stored in the two volumes must be 

considered. On the other hand, the (dual volume approach has the out 

standing advantage of producing an all-fluid system of the purest form. 

Since this corresponds to the goal of this project, the dual volume 

approach thus deserves investigation. 

One of the first questions which occurs during such an 

investigation is to determine the ratio of the volumes of the two tanks. 

This may be approached by the following reasoning: 

Consider the dual bottle system indicated in Figure 3-18. 

At the initial conditions, the vortex valve will be shut off and the flow 

from the low pressure bottle will be zero. At the final conditions, it 

LOW 
PRESSURE 
BOTTLE 

HIGH P-3104 

PRESSURE 
BOTTLE 

/■—N /~\ 

Figure 3-18 - Dual Pressure Bottle System 
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may be assumed that the low pressure bottle supplies the total demand 
of the load and the reference circuit. In other words 

w = 0 
Bi 

w = w + w 
bf L R 

(3-2) 

(3-3) 

Assuming that pressure Pß decays as a linear function of time, we can 
say 

WB = 
WL + WR 

(3-4) 

At the initial conditions, the high pressure bottle will supply the total 
flow demand of the system. It may be assumed that all flow from the 
high pressure bottle passes through confined-jet amplifiers which, viewed 

from the input, act as sonic orifices. Therefore if PsCf^BCi = °-1' 
we can say: 

. * . 
w - w + w+ w_, 

B . L R Fx 
Ci 

. * 
w + W + w„. 

L R Fi 

(3-5) 

w. 
BCf 10 

We will also assume that Pgç; decays as a linear function of time: 

(3-6) 

W 
BC = °-55 (*L + "R + WFi> 'c (3-7) 

Defining the efficiency of the feedback circuit as riF = 1 - wFi/(w£ + 
wR+ wFi) and dividing equation (3-7) by equation (3-4) gives: 

w. 

BC _ M 

WB "V 
(3-8) 
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The volumes of the two tanks are: 

1.1 P. 
Bi 

n P 
F BCi 

(3-9) 

B required to shut off the vortex valve will range from 
perhaps 1.1 to 1.4, depending upon the final configuration selected. The 
pressure recovery of a confined-jet amplifier supplying a flowing load 

will be approximately 70 percent. Thus the ratio Pbcí/Pbí = to 
2.0. The feedback efficiency r|p is not expected to be greater than 50 
percent. Then equation (3-9) shows that the volumes of the two tanks 
will be approximately equal with the high pressure tank being possibly 

the larger. If the two volumes are equal and PßCi^Bi = 2 the volume 
of the two tanks will be 33-1/3 percent greater than the volume of a 

single tank initially at pressure PBCi and holding the same weight of 
gas. 

One approach to a dual compartment pressure vessel 
which might have merit in this application is described in "Chrysler- 
Type Oxygen Pressure Vessel Calculations, Designs, and Testing" by 
H. R. Greenlee, WADD Technical Report 60-365, May I960. This de¬ 
scribes a pressure vessel concept, consisting of a continuou sly-wound 
high-pressure tube fitted and brazed to the inside of a cylindrical shell. 
The tube reinforces the cylinder and permits the use of a thinner cylin¬ 
drical wall. However, this saving depends upon the two volumes being 
in the proper proportion, which does not necessarily hold in this 
application. 

3.3 LAG CIRCUIT REGULATOR 

An inherent disadvantage of the Dual Volume storage bottle is 
the fact that both volumes must be precharged to a prescribed level 
for proper regulator operation. If the higher pressure volume should 
leak prior to operation, the regulator could be rendered useless. This 
presents a reliability factor tending to nullify the advantages of an all¬ 
fluid no-moving-part, regulator. 

A more reliable all-fluid regulator using only one storage bottle 
is shown in Figure 3-19. It utilizes the tangential vortex valve requiring 
a control pressure less than supply pressure and a delay or lag circuit 
to provide this control pressure. 
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Figure 3- 19 - Lay Circuit Regulator 

The vortex throttle is connected to a fixed volume supply bottle 

through a normally closed valve- A small orifice and control volume 

is provided in the Pc line. The blowdown is started by instantaneously 

opening the valve. Initially, all flow passes through the Pg port and 

turnds down the vortex throttle. The orifice and control volume causes 

Ps pressure to build up slowly while the bottle pressure drops. As Pc 

increases, the throttle opens and the total flow remains constant. 

Finally, Pc equals Pg and the throttle is fully open. 

This concept will only work on bottle supplies. 

This regulation circuit was implemented using the breadboard 

tangential amplifier and several different sized pressure tanks. The 

results are shown in Figure 3-20 and the regulated pressure falls 

within the pressure requirements over a two and one-half to one blow¬ 

down. The storage tank was charged to different pressure levels from 

600 to 1,000 psig without affecting the performance of the device. The 
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slope changes of the regulated pressure curve can be reduced by alter, 

mg the control volume. In designing a regulator of this type for a given 
load the volume would be optimally sized for the load required flow 
However, by using different loads, the size did not appear very critical 
as the fixed orifice could be used to adjust the regulator's output pres- 
sure performance. ^ * 

Aeain ^ ■'«io to storage volume is about one-third. 
Again, the fixed orifice can be used to compensate for different volume 
i cii 10S . 

An integrated tangential vortex valve with dual exit holes was 
abricated into a volume tank fitting and is shown in Figures 3-21 3 22 

and 3-23. The uni, is sized to me., the flow requirements with a i ï„3 

Z" L 5 3 Th,e la8 VOlUme 15 50 ,n and ,he -*e unit screws 
nto the 50 in volume. Different control volumes can easily be used 

with this regulator to accommodate different supply bottle volumes. 
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Figure 3-22 - Assembled View of Lag Circuit Regulator
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Figure 3-23 - Exploded View of Lag Circuit Regulator
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3.4 DOUBLE LAG CIRCUIT REGULATOR 

The lag circuit regulator in the previous section has a turndown 
limitation, due to the limited turndown characteristics of the tangential 
vortex control valve. A similar approach, using a conventional vortex 
valve is shown in Figure 3-24. This circuit is similar to the two bottle 
regulator, except that fluid is only stored at one initial pressure in the 
storage volume V. Also, the turndown range is greater than the two 
bottle approach because of the unique operation requirement of the vor¬ 
tex valve. 

As the quick opening valve is opened, fluid flows through fixed 
orifices Aj and A¿ and begins to charge volumes Vj and V2. Area 
and volume V^ are set to charge at a faster rate than volume Vj to pro¬ 
vide control pressure to the confined-jet amplifier, which in turn con¬ 
trols the vortex valve. Initially as the pressure in volume Vj is low, 

Figure 3-24 - Double Lag Circuit Regulator 
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the vortex valve must be fully open. As this pressure builds up, the 
vortex valve must turn down until it becomes fully closed. At this 
point, if the volumes and areas are correctly sized, the pressure in 
volume Vj will have reached its peak and will then decay with the 
storage bottle pressure. The vortex valve will then have to reopen 
because its supply pressure is dropping. Thus, a vortex valve with a 
turndown ratio of 5 used in this manner could operate over almost a 
20 to 1 turndown range. 

The load pressure must be fed back to the confined-jet amplifier 
to control the valve and keep the output pressure constant. 

To determine the required volume sizes in relation to the storage 
volume, the following analysis was performed. 

Referring to Figure 3-24, all orifices are assumed to operate 
"sonic," so that flow is proportioned to upstream pressure. Secondly, 
it is assumed that the confined-jet amplifier is also a sonic load ori¬ 
fice Ac and the output flow is constant and the sum of the confined-jet 
amplifier, plus the vortex valve flo v. The differential equations relating 
flows to pressure are: 

Storage Volume, 

dP CCd (A1 + A2) 
dt" + V P = 0 (3-10) 

where P is to storage volume pressure at time t. 

Confined-Jet Supply Volume; 

dP2 
IT -^z- wc> 

RT [' 

V* I 
CCdA2P CCdAcP2lRT 

Yt" YtT 
2\ 51 
/v* 

(3-11) 

where W2 is the flow through A2, Wc is the flow through Ac, and P2 is 
the pressure in volume V2 at time t. 

Vortex Valve Volume, 

dP 

~dt 
1 RT 

= (W, - W ) — 
1 s' V. 
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w = w = w = w 
Sc c c 

max max 

GCA P, 
d c 2 

Yt" 

dt 

CC A P 
d 1 

Vt 
- W 

CC A P 
d c 2 

max V7 
RT 

vi 

(3-12) 

where Wj is the flow through Aj, Ws is the vortex valve supply flow, 
and W is the required load flow when P_ is maximum. This sets 

cmax ^ 
up the condition that Wg is zero at this time. 

Integrating equations (3-10), (3-11), and (3-12), yields: 

Let 

dP 
dt 

CCd(Ai + a2> * 
P= 0 

CCd(A1 + A2) YtR 

dP 

dt 
+ qP = 0 

cie“at = p 

t = 0 P = P 

P = P e 
o 

a t 
(3-13) 

dt 2 c v2 V y? yy iv2 

where 

dp, A9 2 „^ „ 2_ -at 
- + ßP_=ß — P e 
dt K 2 K A o 

c 

cc a R Vt 
d c r 
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C2ße -ßt 

P = C e'ßt + C e'Qt 
2 2 3 

dP2 -ßt -at 
— =-C2ße P -C3ae 

C ae'at + C ße'ßt + C ße‘Qt = ß —P 'Qt 
3 2r hA oe 

c 

C3° + = 13 3- Po 
c 

ß A, 

3 (ß - a) Ac o 

P =c e-p,t-^_p e-Qt 
2 2 (ß - a) A o 

t = 0 P + P 
2 20 

ß AP 
P,- = C_ + ^-C = P 

ß AP 
_2 o 

20 ~2 ' (ß - a) A" ^2 " ^20 ' (ß - a) A 
c c 

p =p --ßt, PA2Po 
2 20 (ß-a)A 

f -at -ßA 

Ie -e ; 

dPl RT 
—— = (W, - w\ — 
dt 1 S1 Vj 

w = W . w = w 
o c c c 

max max 

CC A P 
d c 2 

Yt“ 
dP. 

dt 
ccdA1p 

Vt 
w 

CC A P ‘ 
d c 2 

max Vt" . 
RT 

V1 

(3-14) 
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dP, CC A rVt" 
1 _ dl * 

dt 

CC A R VT 
-Pe-<“.RIW t -É £ 1 
V, o V, c V, 

1 1 max 1 
{X} 

X ■[ „ -ßt ^A2Po ) -at -0 t 
P20' + (g -’a) A ' e - e 

Let 

{■ 
VT 

= Y 

ÜJ 
dt 

YP + Y 
A A pF 

c 2 o 
o A A (p-a) 

1 c 

-at 
e + 

A A_ ß P A 
e 2 o , c„ 

‘yAA (ß-a)+VÄ“ P20 
1c 1 Vt Cmax 

dP> D 
— =VPo 

1 + 
a2P 

AjfP-a) 
-at V 

e +P 

A p,„ c 20 A2ßPo 
(ß-a)A 

1. 
a-P'.SIw 

V1 Cmax 

pr^po 
a 

1 + 
A2^ 

A^p-a) 
-at y 

"P 

A 
c 20 A2ßPo 
Aj (P-Q)A1 

-pt RT ir 
e K -— W t + C 

V, c 4 
1 max 

t = 0 pj = pjo 

Plrt + -p 
10 Q o 

1 + 
A2P 

AjIP - a) 

A POn c 20 A2ßPo 
(P - a) A 

1. 
= C (3-15) 

4 

By inserting the following constants into equations (3-13) , (3-14) 

and (3-15), we obtain, 

CC AjRVt 0.075 

CC A rVt" 0.125 
d 2 

CC A R l/r 0.075 
d 2 

V 1 
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2 

0.2 

0.06 

0.06 

1 

P 2 

P = 

0.308c 

- 0.188 t 
e 

0.188 t 
0.248 e 

(3-16) 

(3-17) 

P: = 2.076 + 0.124e . 0.178t - 2.14e'°'188t (3-18) 

which is plotted in Figure 3-25. 

An experimental check on these equations was made, using volumes 
and orifices and a conventional pressure regulator and is shown in 
Figure 3-26. 

Although the above analyses and experimental data verifies that 
the concept works (as predicted), the large lag volumes make the cir¬ 
cuit impractical where space is at a premium. However, if space is a 
minor limitation, this regulator circuit would be very useful. 

3.5 HYBRID REGULATOR 

3.5.1 Description 

One approach which avoids the limitations imposed by the 
use of a signal storage pressure bottle is to use a mechanically-variable 
area as the primary pressure dropping element. The use of a variable 
area deviates from the idealized goal of having an all-fluid system with 
no-moving-parts. However, the scheme appears to represent an 
extremely practical solution to the problem of producing the required 
pressure regulator performance with a minimum of moving parts while 
retaining the high reliability and other desirable characteristics of a 
completely all-fluid system. 
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Figure 3-25 - Plot of Pressures P, P and P For a Blowdown of 
Volume V 

Figure 3-27 is a schematic of this hybrid regulator concept. 
Supply pressure is dropped to about 100 psig by the variable mechanical 
orifice. This mechanical valve may take the shape of a spool valve as 
shown in the figure. A fluid-state sensing and control circuit controls 
the variable area, The vortex valve provides the control pressure and 
a confined-jet amplifier senses the output pressure and feeds it back 
to the vortex valve. In addition to being simple, this circuit has the 
advantage of being efficient, since all flow passes through the load. 

A breadboard of the circuit shown in Figure 3-27 was assembled, 
using a mechanical element which was originally designed for a servo¬ 
valve-type application. This mechanical element did not have the shut¬ 
off capability that is required for a pressure regulator type application. 
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Hence, the breadboard pressure regulator did not have the ability 
of maintaining regulation over an extended range of supply pressures. 
However, within a limited range of supply pressures, regulation is quite 
accurate and the device appeared to be superior to conventional spring- 
reference pressure regulators. Typical regulation is shown in Fig¬ 
ure 3-28. The various levels of regulation are obtained by changing the 
spring preload. 

3.5.2 Design 

The two hybrid regulators were fabricated. Figure 3-29 
is an enlarged (2 times size) assembly view of the regulators. Figure 3-30 
is a schematic of the regulator components. Flow enters the input and 
must pass by the poppet and seat. The poppet is suspended on two flexure 
disks and cannot physically contact any surface. The corrugated disk 
serves only as a suspension member for the poppet and is free to flex 
the required travel. The main disk suspends the poppet and also serves 
as the spring. It is many times stiffer than the corrugated disk. 

Flow is metered by the poppet and seat and divides into 
two paths. The first path branches off and supplies the flow required 
by the confined-jet amplifier. The remaining gas flows around the poppet 
stem which forms a fixed orifice as a result of the limited clearance 
between the poppet and the bore. This flow passes into a chamber formed 
by the spring disk and continues into the vortex.valve. The valve is con¬ 
trolled by the confined-jet amplifier by tangential ports located in the 
button. The controlling action varies the valve apparent exit area and 
therefore its pressure. This pressure in turn acts against the spring 
disk, closing or opening the poppet as required. 

The output port contains the confined-jet amplifier such 
that the regulated or output pressure becomes the confined-jet amplifier 
vent pressure and provides the required control signal. It would be 
possible to locate the confined-jet amplifier externally to the regulator 
for remote sensing. The regulated pressure is adjusted by the spanner 
nut at the input end. By screwing the nut in or out, the spring disk pre - 
load is varied to provide the necessary reference. The back of the 

spring disk is vented to the outlet port, thus, "sees" the regulated pres¬ 
sure. This results in the regulator being insensitive to ambient con¬ 
ditions. A dynamic analysis of the regulator is presented in Appendix C. 
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Figure 3-27 - Mechanical Element Pressure Regulator Schematic 

3-32 



MM 

I 
I 
I 
1 
1 
1 

[ 
[ 
1 

1 

; 

1 

1 

1 

VORTEX CONTROL PORTS 

/VORTEX CHAMBER 

, SPRING 

OUTLET 

CON FIN ED-JET' 
AMPLIFIER 

VENT 
ADJUSTMENT NUT 

CONFINED-JET' PRELOAD 
AMPLIFIER SPRING 

NOZZLE 
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Figure 3-30 - Hybrid Regulator Schematic 
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The critical parts are made of stainless steel and the 
body is of anodized aluminum. All parts can be disassembled and 
inspected or replaced with different sizes, if desired. "0" rings are 
used for most of the seals, with the exception of the seal upstream of 
the poppet, which is formed by the corrugated disk. The vortex valve 
button containing the tangential control ports is a diffusion-bonded 
assembly and, therefore, does not present leakage problems typical of 
unbonded vortex injectors. 

Figures 3-31 and 3-32 are photographs of one regulator 
assembly. The fluid state sensing and control circuit, consisting of 
the vortex valve and confined-jet amplifier assembly is located in the 
downstream end cap and fitting. The mechanical poppet and spring 
assembly are inserted into the housing and adjusted with the upstream 
end cap. The poppet is suspended between the diaphragm spring 
assembly and an upstream combination gasket and suspension diaphragm. 
The poppet cannot physically contact or slide against an/ surface and 
therefore, is free from friction. The regulator is easy to disassemble 
for maintenance or repair although neither function should be required. 

3.5.3 Testing 

The confined-jet amplifier used to sense the regulated 
pressure and provide the feedback signal to the vortex valve input- 
output characteristics are shown in Figure 3-33. It is interesting to 
note that its operation is very good and noise-free. The data in Fig¬ 
ure 3-33 represents a significant improvement compared with most of 
the breadboard data obtained with the breadboard hardware. The design 
of the confined-jet amplifier which represents a considerable improve¬ 
ment in size and complexity compared to the breadboard models, prob¬ 
ably accounts for this performance improvement. The unit is only one 
inch long by one-quarter inch in diameter and is a single assembly. 

Testing of the hybrid regulator uncovered several design 
problems. The first problem that developed was in the flexure support 
and spring combination. The spring rate curve for the original supported 
design was about three times stiffer than predicted. This was caused by 
a nonlinear spring rate curve that increased with large deflections. A 
re-examination of the equations indicated that the required travel of 
the spring was much larger than used in the development of the equations. 
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Figure 3-33 - Hybrid Regulator (Confined-Jet Amplifier'; 

It was decided to remove the outer support around the 
spring and convert this to a pivot point. The spring rate curve obtained 
for this configuration is shown in Figure 3-34. It has desired charac¬ 
teristics in the range of zero to 0.030-inch deflection and has excessive 
spring rate at larger deflections. This range of travel is adequate for 
regulator operation, but the operating pressure on the spring shown in 
the regulator schematic, Figure 3-30, Pg, will initially deflect the spring 

into the excessive spring rate range. 

To reduce this initial deflection, an attempt was made to 

reduce the pressure differential between P^, which is about 50 psig, 
and Pp, the regulated pressure which is on the other side of the spring. 
An internal pressure pickoff was placed in the vortex amplifier as shown 

schematically in Figure 3-35. Its pressure would be much closer to Pg 
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Figure 3-34 - Suspension Risk 
Sprint Rate 

Figure 3-35 - Modified Fluid Stale 
Feedback Circuit Schematic 

and, being transmitted from an amplifier pickoff, it would be a function 
of the tangential control flow coming from the feedback amplifier. The 
characteristics of this circuit are shown in Figure 3-36. Large, gains 
with an operating range near zero differential pressure across the spring 
could be obtained if this pickoff pressure, instead of output pressure Pp, 
is placed behind the spring. However, upon study oi: these characteristic 
curves, they reveal another problem. Although the differential pressure 
Ps - Pq across the spring increases as the output pressure increases 
and would close the mechanical poppet, this same differential pressure 
will decrease when the supply pressure Ps increases. This would open 
the poppet, increasing Pg further, and would result in an unstable loop. 
This loop would oppose the feedback loop and the net result would be 
very low gain or possibly instability. 

One of the regulators was modified to this configuration 
to check operation and it verified the poor gain and instability charac¬ 
teristics. The regulator would operate at the two extreme ends of the 
characteristic curves shown in Figure 3-36. Varying the output flow 
rate would (at certain levels) cause the unit to oscillate between these 
two points. 

It was then decided that the original configuration must 
be used and the preload, due to the differential pressure between Pg 
and PR, would have to be eliminated. A coil spring was fabricated and 
inserted behind the support spring as shown in Figure 3-31. Its position 
was set to absorb the preload and place the disk spring in the desired 
operating or deflection range. This coil spring dots not change the 
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Figure 3-36 - Characteristic Curve for Circuit of Figure 3-35 

design of the poppet in any way and it remains fully supported on the 
two support disks. Therefore, it cannot contact or drag on any surface 
and remains fully supported. In order to insure that the disk spring 
remains in contact with the support ring and forms a seal between Pg 
and Pj^, a retainer was added as shown in Figure 3-31 to maintain the 
disk against the ring. This retainer is flexible and allows the regulator 
poppet seat to be adjusted by the adjustment nut. 

3.5.4 Performance 

A typical performance curve of the modified regulator 
with a fixed orifice load is shown in Figure 3-37. The unit is useful 
over a 10-to-l pressure range and initial supply pressure may be 
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Figure 3-37-- Typical Hybrid Regulator Performance Curve 

adjusted between 1000 and 2000 psi, resulting in different load flows. 
The regulator is adjusted by noting at what bottle pressure upper limit 
the poppet hits its stop. This point occurs when the output pressure 
begins to rise proportionally with the bottle pressure. When this point 
is set at 2000 psi bottle pressure, the regulator will supply a larger 
load flow at 15 psi than it will supply with the 1000 psi setting. Although 
the regulator is rated at 1000 psi, bottle pressures up to 2000 psi may 
safely be used. Lack of regulation, poor regulation, or oscillation may 
occur if the load is improperly matched to the regulator. These con¬ 
ditions are caused by small loads, whereas large loads will only result 
in pressures lower than 15 psig at the output, since the outlet hole will 

become restricted. 
P
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SECTION 4 

SUMMARY OF RESULTS, CONCLUSIONS, 

AND RECOMMENDATIONS 

4,1 SUMMARY OF RESULTS 

4.1.1 Throttling Methods 

Vortex valves are variable impedance fluid state devices. 
Operation of vortex valves requires that a control pressure greater 
than the supply pressure be available. The turndown ratio which can 
be obtained and the / Pg ratio required depend upon the exact con¬ 
figuration. The double exit valve can deliver turndown ratios of greater 
than 8 to 1 with high pressure nitrogen gas. 

It can be demonstrated that the use of a fixed area orifice 
to drop the vortex valve supply pressure below the bottle storage pres¬ 
sure in order to obtain the necessary Pq / Pg ratio is impractical. This 
is a consequence of the fact that the pressure-dropping orifice becomes 
sonic during bottle blowdown and becomes incapable of being controlled 
by the downstream vortex valve when the bottle pressure has decreased 
only slightly. 

It can be shown that no significant increase in turndown 
will result from connecting vortex valves in series. However, a sig¬ 
nificant decrease in the maximum Pç / Pg ratio required to achieve 
maximum turndown of a vortex valve will be realized by connecting 
it in series with a vortex pilot valve. 

The problem of obtaining a control pressure higher than 
the supply pressure can be solved either by using a mechanically- 
variable area at the outlet of the pressure bottle or by using a pres¬ 
sure bottle with two compartments charged to different pressure levels. 
The first approach has a moving part in the system and hence is not 
strictly a fluid state device. While the weight of the dual volume tank 
is not appreciably greater than a single volume tank for the same 
weight of gas, it will occupy a greater volume. 
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4.1.2 Feedback Methods 

The confined-jet amplifier is a fluid state device which 
permits a low pressure source to control a high pressure source. By 
varying the geometry and spacing of the nozzle and receiver, several 
gain characteristics can be achieved. Useful operation in the range of 
Pc/ Pg = 0.15 has been obtained. Output pressure recoveries up to 70 
percent of the supply pressure have been achieved with a flowing load. 
One highly useful property of the device is that it can be designed so 
that output pressure is insensitive to supply pressure changes over a wide 
range. Control of a confined-jet amplifier by means of a vortex valve 
which throttles the confined-jet amplifier vent has been demonstrated. 

4.1.3 Reference Methods 

Changes in the regulated pressure can be detected and 
amplified by means of orifice bridge circuits and either jet-on-jet or 
vortex pressure amplifiers. Although the change in regulated pressure 
is amplified, the level of the output is lower than the regulated pressure. 
The confined-jet amplifier can provide an absolute pressure reference 
by venting its vent flow directly into the load. 

4.2 CONCLUSIONS 

The following conclusions have been drawn from the results: 

(1) No fixed area orifice having any appreciable pressure drop 
can be placed in the main flow path if the pressure regulator 
is to throttle flow over a wide range. 

(2) No known fluid state device, other than the vortex valve, is 
capable of throttling a flow with acceptable efficiency. The 
vortex valve requires a source of control pressure higher 

than the supply pressure. 

(3) Conclusions (1) and (2) jointly lead to the conclusion that 
either a mechanically variable orifice or a dual volume pres¬ 
sure bottle are required to implement a throttling pressure 
regulator. 

(4) The feedback amplification circuit must be based on the con¬ 
fined-jet amplifier. No other fluid state component has the 
high pressure recovery and low Pq/ Pg ratio associated with 
this device. 
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(5) For fixed orifice loads and blowdown applications, fluid 

state regulators operating on a programmed blowdown by 
use of pressure lag circuits can be implemented- 

4.3 RECOMMENDATIONS 

On the basis of the above conclusions, it is evident that either a 
system based on the dual valume tank or a mechanically-variable orifice 
must be used for minimum space, large-blowdown range operation. The 
hybrid regulator developed offers an excellent practical solution to the 
problem of producing the required pressure regulator performance with 
a minimum of moving parts while retaining the high reliability and other 
desirable characteristics of a completely all-fluid system. 

On the other hand, if space is not at a premium, the two all-fluid 
approaches: (1) single lag circuit, (2) dual lag circuit, offer solutions 
to the problem. The dual lag circuit offers the longest blowdown range, 
but requires the largest amount of space. The single lag circuit requires 
little additional space, but is limited in blowdown range. 
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APPENDIX A 

NOTATION FOR SECTIONS 1 THROUGH 3 

in absoiute unit8 (ps,a) 

A = Flow area - in^ 

\a ' Exit hole area of vortex valve A - in2 

B 

A = 

Exit hole area of vortex valve R ai„ 
of button - in2 1Ve B' 3180 cro°«-«ectional area 

Mean effective area of diaphragm - in2 

Exit hole area - in2 

^F ~ feedback orifice area - in2 

AL = Load orifice area - in2 

Am = Effective area of a aeries of orifices . i„2 

AN = Conflned i'* amplifier noeale area . in2 
A _ — SuDdIv r» t* i ♦* i « »__ _ . 2 

cd = 

c2 = 
D 

f = 
n 

g = 

k = 

K 

L 

m 

Supply orifice area - in' 

: Orifice discharge coefficient - dimensionless 

Characteristic gas coefficient - V^R/sec 

Diameter - in 

Diaphragm spring force - lbs 

Natural frequency - cps 

Standard sea level acceleration of gravity = 386 in/sec' 

- Ratio of specific heat, of gas . dimensionless 

= Spring rate - Ibs/in 

= Length - in 

= Mass - lb-sec2/in 

A -1 



n = Number of orifices in series - dimensionless 

Pressure - psia or psig 

Bottle pressure - psia or psig 

Control bottle pressure - psia or psig 

Control pressure - psia or psig 

Control pressure for supply flow cutoff - psia or psig 

Pressure downstream of a pneumatic component - psia or psig 

Exit pressure - psia or psig 

P = Feedback pressure - psia or psig 
F 

P = Interstage pressure - psia or psig 
m 

P = Regulated pressure - psia or psig 
R 

P = Supply pressure - psia or psig 
S 

P = Pressure upstream of a pneumatic component - psia or psig 
u 

Py = Mean vortex chamber pressure - psia or psig 

P = Inlet pressure to a series of orifices (Used in Appendix D), 

® also outlet pressure - psia or psig 

P through P = Pressure downstream of firs( through nth orifices 

* n in a series of orifices - psia or psig 

R = Ideal gas constant - lb-in/lb#R 

R = Turndown ratio of a valve - dimensionless 
t 

R = Turndown ratio of valve A dimensionless 
tA 

R = Turndown ratio of valve B - dimensionless 
tB 

R = Overall turndown ratio - dimensionless 
to 
T = Absolute temperature of gas at zero velocity - °R 

t = Total operating time - sec 
o 
w = Weight flow of gas - lbs/sec 

w = Flow from bottle at pressure Pg - lb/sec 
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w 
BC 
w _ 

w 

w. 
CA 

CB 

w. 
F 
* 

L 
w 

N 
w 

w. 

w. 

w. 

W. 
B 

W 
BC 

VB 

BC 

Flow from bottle at pressure P__ - lbs/sec 

Control flow - lbs/sec 

Control flow for vortex valve A - Ibs/sec 

Control flow for vortex valve B - Ibs/sec 

Vent flow of feedback circuit - lb/sec 

Flow through load - lb/sec 

Normalizing flow - lb/sec 

Outlet flow - lb/sec 

Vent flow of reference circuit - lb/sec 

Supply flow - Ibs/sec 

Flow through throttling element - Ibs/sec 

Weight of gas initially stored at pressure P -lbs 

Weight of gas initially stored at pressure P_ _ - lbs 
3 BC 

Volume of W_ lbs of gas - in 
B 3 

Volume of W lbs of gas - in 
BC 

Feedback system efficiency expressed as a fraction 

dimensionless 

Subscripts 

1 through n - Refers to first through nth orifices in a series of orifices 

i - Refers to initial conditions 

f - Refers to final conditions 

j - Refers to jth orifice in a series of n orifices 

min - Refers to minimum value 

max Refers to maximum value 
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APPENDIX B 

THEORETICAL ANALYSIS OF VORTEX VALVES 

for append/^ provides a summary of an analysis accomplished 
or the purpose of describing vortex valve performance. It has been 

sJnlíT vrm ''Phfnomenology of Vortex Flow and Its Application to 

State LT 1 !Catl°n by L‘ B' TaPlin and presented at Pennsylvania 

JuÎy 6 írir965y; mmer Engineerin« Seminars- F1-id Control Systems; 

B.l 
experimental observations of pancake vortex 
CHAMBERS A 

Fi^ur, R P chamber .« constructed as ahown in the schematic, 
g e B-l, some simple experiments will easily show the various 

amplify.ng properties which the vortex flow field possesses. The chamber 
is constructed so that the supplied radial flow component enters 'he 
chamber as uniformly as possible. One method, as shown, for ac¬ 

complishing uniform radial chamber flow utilises a porous ring pressur¬ 
ised externally by the supply pressure, P0. To excite vortex ffow a 

tangential control port is used which introduces a tangential flow componen, 
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just at the inner edge of the porous ring. A number of tangential ports 

may be used to again achieve a high degree of uniformity in the flow 

field. The combined flows move towards the exit hole,and in observing 

this fluid motion,it is readily apparent that the radial velocity of the 

fluid must increase as the fluid approaches the exit. In addition, if the 

tangential velocity of a particle of fluid is observed, it will be noted 

that its tangential velocity increases as it moves towards the exit. 

This increase in tangential velocity must result if angular momentum 

of the fluid flow is to be conserved. Here, then, are two velocity ampli¬ 

fying properties of the vortex flow field. The tangential velocity ampli¬ 

fication or gain is of particular importance,as it is this gain that is 

primarily responsible for most of the unique vortex amplifier and sensing 

devices which are in use today. In particular, the tangential velocity 

:ncrease leads to a centrifugal pressure buildup across the vortex 

chamber in a radial direction between the exit hole and the outer wall 

of the chamber. If such a centrifugal pressure buildup exists, then the 

chamber should present more resistance to flow as the chamber swirl 

or control flow component is increased. In order to examine this 

property of centrifugal pressure drop in its purest form,it is necessary 

that the porous ring and supply plenum be designed to present a very 

small resistance to flow in comparison to the exit hole resistance. 

With the chamber designed in this manner, and operating the chamber 

with a regulated supply source, P0, curves of weight flow as a function 

of control pressure or control flow may be plotted. These characteristic 

curves have the form shown in Figure B-2. 

Figure B-2-Vortex Chamber Characteristic Curves with Regulated Supply 
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When the supply pressure is regulated, if there is a centrifugal 
pressure drop across the flow field, less pressure should be available 

at the exit hole to expel the fluid and the device should throttle flow as 
demonstrated by the experiment. A number of things are, of course, of 
immediate interest when one examines the experimental curves. Probably 
first, is the question of what controls the throttling range or turndown 
ratio. Looking at the minimum flow point, if the flow at the supply port 
is measured, it is found that this flow is zero or perhaps slightly re¬ 
versed. The wall pressure has built-up to the extent that the supply 

flow is cut off, i.e., there is a value of control flow which causes supply 
cutoff. The turndown ratio for a given supply pressure is the ratio of 
maximum flow before throttling starts to the control flow which causes 
supply cutoff. If centrifugal pressure forces cause this throttling to 
take place, then tangential velocity of the flow field plays an important 
role in setting up a wall pressure to cause cutoff. Obviously, if the 
tangential velocity is high at the outer wall of the chamber and there¬ 
fore throughout the chamber, the centrifugal pressure buildup should 
be large Since the tangential velocity at the outer wall is a function of 
conserved angular momentum, then higher wall velocities should imply 
a higher control influx momentum. Writing the expression for outer 

wall velocity: 

W V 
c c 

Vto = W + W 
c o 

It is noted that Vto is larger when the momentum rate, WCVC, is 
larger. Now, it is obvious that turndown ratio can be improved if for a 
given wall velocity, control velocity, Vc, is increased and therefore the 
control mass flow, Wc, is decreased. The higher control velocity re¬ 
quires a higher control pressure which in some applications may be 

a disadvantage. 

Also, of interest is the flow gain — another amplifying property — 
of the device, AW0/AWC. It might be expected that this gain goes hand 
in hand with the turndown ratio and,therefore,higher flow gains are 

achieved if high control velocities are used. 

The curves may be plotted in another way as shown in Figure B-3. 
Here the control pressure has been regulated and supply flow is varied 
to obtain the plots of W0 versus P0. The upper curve in Figure B-3 
defines the maximum flow of the chamber versus supply pressure with 

no control flow. The upper curve is essentially that of an orifice — 
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Figure B-3 - Vortex Chamber Characteristic Curves with 
Regulated Control 
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the exit hole — characteristic with a discharge coefficient that varies 

with supply-to- exit pressure ratio as shown in Figure B-4. This dis¬ 

charge coefficient curve was obtained for a particular chamber and 

values do change somewhat with geometry of the chamber. The trend 

in coefficient change is (in general) correct for most pancake - shaped 

chambers. 

Returning to Figure B-3,the locus of points defining the minimum 

flow through the chamber constitute that characteristic flow curve 

obtained for control flow alone with supply flow zero. In examining the 

flow data in Figure Ö-3, it is interesting to note that the constant control 

pressure characteristic curves are nearly equally spaced across the 

map in the direction of increasing control and supply pressure. The 

equal spacing indicates that a proportional relationship between Pc and 

P0 exists. 

Another interesting observation in testing some chambers is that 

multivalued flows can exist for a given supply pressure, i.e., the 

characteristic curves exhibit a region of negative resistance. These 

negative resistance curves are indicated by the dashed lines in Figure 

B-3. In general, these negative resistance characteristics show up 

when the vortex chamber thickness is relatively large and the supply 

plenum resistance is low in comparison to the exit hole resistance. 

Another interesting experiment involves monitoring the pressure, 

Pi, at the center of the vortex chamber wall as flow changes. (See 

Figure B-l.) A plot of this pressure, Pj,versus supply pressure for 

regulated control pressure has a form very similar to the weight flow 

characteristic curve, (See Figure B-5.) In fact, if the hole for measuring 

P- is properly sized,the pressure measured is virtually that average 

pressure which acts on the exit hole of the vortex device to expel the 

fluid. Further, as will be discussed later, this pressure is very closely 

related to the calculated pressure which occurs at the rim of the 

chamber exit hole. 

A close indication of the value of Pi can be found directly from 

the weight flow characteristic curves if the discharge coefficient for 

the exit hole is reasonably independent of the degree of chamber swirl 

or control flow. 

This determination of P^ as demonstrated in Figure B-6, where, 

for a given set of quiescent operating pressures, and weight flow - the 

circled point — a dashed line,constructed horizontally across the graph 

/ 
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Figure B-5 - Characteristic Curves of Vortex Chamber 
Center Pressure, 

B-6 
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to the maximum flow line and then down to the P0/Pe axis,gives the 
value of Pj /Pe if the discharge coefficient is independent of swirl. The 
curves shown in Figure B-6 have been normalized with respect to the 
ambient or back pressure, Pe, on the exit hole of the valve and a normal¬ 
izing weight flow, Wjsj, which is given by: 

C CA P 
... dee 

This flow parameter, Wj^, is then representative of the exit hole size, 
operating gas media, and gas temperature. This normalization will be 
used in developing a mathematical model for the vortex chamber. 

The pressure ratio across the vortex flow field in the radial 
direction is given by Pq/Pj or, for the example in Figure B-6, P0/Pi = 
2.75/1.45. It is interesting to note that whén the exit hole is flowing 

sonically, Pj/Pe > 2, the pressure ratio across the chamber, Pq/Pc* 
can be much larger than critical. When the exit hole is flowing sonically, 
back pressure cannot affect the flow through the chamber for a given 
supply and control pressure. In the normalized plot,a change in F,. 
causes a shift in the operating point, but Wjq and Pc/Pe change in a 
manner so that the actual weight flow, W0, remains constant. An 
example of how the pressure ratios and weight ratio change for shifting 
back pressures is shown in Figure B-7,where P0, Pc, and WQ are all 
constant. With a starting quiescent point at P0/Pe = 8, with the control 
port sized so that Pc/Pe = 10 and W0/Wjq = 4, if the back pressure is 
doubled,the new operating point will be at Pc/Pe = 5 with P0/Pe at 4 
and W0/W[q = 2. Since Wjq is doubled if Pe is doubled, WQ is the same 
value as before. This operation provides some insight into the nature 
of the vortex valve. It can be looked upon(in general)as an adjustable 
set of orifices in which the ratio of Pc/P0 defines the apparent size 

and number of orifices. For the case where the exit hole is known to 
be sonic, a single orifice can be found to exhibit the same flow relation¬ 

ship versus PQ/Pe. 

The normalization selected has some interesting characteristics. 
The maximum flow line above a P0/Pe of 2 is a straight line of unity 
slope, i.e., W0/Wn equals P0/Pe above values of 2. 

The constant Pc/Pe lines must intersect with the maximum flow 
line where P0/pe = pc/pe* There is a strong indication that supply 
flow is always cut off for a given Pc/p0 ratio and,therefore,the line of 
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Figure B-7 - Operation of Vortex Valve with Exit Hole Flow Sonic 

minimum flow (supply flow zero) is a straight line except at low values 

of P0/Pe,and has the equation: 

where Kj is the turndown ratio Wq max/Wc. There are some experi¬ 
mental discrepancies and theory does not as yet prove this point, but 
it is a reasonably good approximation as the values(in general)show the 
same turndown ratio above P0/Pe pressure ratios of 2. 

B.2 THEORETICAL FLOW AND PRESSURE CHARACTERISTICS 

In order to determine the behavior of the flow through a vortex 
chamber,it is first necessary to know the distribution of the tangential 
velocity as a function of chamber radius. This distribution of tangential 
velocity depends on chamber geometry, the magnitude of swirl and the 
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viscosity of the fluid. Where the viscosity is very low, conservation cf 
angular momentum indicates that the tangential velocity must increase 
with decreasing radius, i.e., the tangential velocity, Vt, at any radius r 
iti given by: 

V 
t 

V r 
to o 

(B- 1) 

where 

= tangential velocity at the outer wall - in/sec 

r = maximum chamber radius - in 
o 

As viscosity becomes very large, the fluid can rotate as a solid body 
and then the tangential velocity is given by: 

(B-2) 

In general, the tangential velocity can be expressed as: 

where 

(B-3) 

n = +1 for a free vortex 

n = -1 for solid body rotation. 

A plot of these velocity distributions versus chamber radius, r, is 
shown in Figure B-8 for various values of n. in the case of the free 
vortex where the viscosity is low, the tangential velocity must eventu¬ 
ally peak and then decrease and approach zero velocity at the center 
of the chamber,since no fluid has completely zero viscosity. Also, for 
gases, a breakdown in tangential velocity must occur as chamber 
geometry cannot support supersonic flow. For gases, n can be taken 
as + 1 until the velocity breaks down,as indicated by the dashed curve 
in Figure B-8. Since we are interested in the pressure drop developed 
by the flow field, a suitable "n" value can be found for an experimental 
unit which gives some indication of the behavior of the tangential flow. 



Figure B-8 - Vortex Tangential Velocity Diatribution 

The differential 
dr is given by: 

pressure developed across a differential radius 

P V 2 dr 
dP = --- 

r 

where 

P = fluid mass density - lb/sec2/in4 

Vt = tangential velocity at radius r - in/sec 

r = chamber radius - in. 

dF » differential pressure across dr - psid 
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At this point,8ome assumptions will be made: 

(a) Fluid temperature remains nearly constant. 

(b) The weight flow leaving the exit hole is very closely a 

function of Pj at radius rj. 

(c) For gases n = 1, that is free vortex flow exists until a 
maximum tangential Mach number is reached. (See 

Figure B-9.) 

As noted in Figure B-9, a higher initial outer wall velocity may cause 
a higher maximum tangential Mach number occurring at radius rm. 
This maximum velocity is an unknown and will be found to be a variable, 
depending on the operating pressure ratio across the chamber. Return¬ 
ing to equation (B-4), the density from the equation of state is p = P/gRT. 

Therefore: dP 
P 

Vt2 dr 

gRTr ' 
(B-5) 

Figure B-9 - Assumed Tangential Velocity Profile for Gases 
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Sonic velocity for a gas of temperature T is given by: 

therefore: 

where 

V = k g RT 
s 8 

dP 
P 

k M 2 
t 

dr 
r 

(B-6) 

(B-7) 

Using the velocity profiles of Figure B-9, equation (B-7) may be 
integrated from radius rj to rQ for two different conditions. When 
r < r or M. r /M r. < 1 
m 1 to o m i 

K M 
to 

(B-8) 

where 

K = ^ 
2 

- 1 (B-9) 

M ¿ 
and when r > r or ——■■■ ° > i 

mi Mr. 
m i 

= « 

k 
2 

M 
m 

2 - 

..2 2 
M r 
_m _i 

. 2 
M r 

to o 

M 
to 

(B- 10) 

It is to be noted that when Mto r0/Mm ri = 1, equations (B-8) and 
(B" 10) are equal. At low values of Mto, the vortex flow behaves as a 
free vortex for all radii between r„ and r . 

° i 
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From conservation of angular momentum, the outer wall velocity 
is given by: 

W 

M 

_____ k t 

r| W M n W c 
c c N 

to W + W 
c s 

W 

W 
N 

(B-ll) 

where 

W 

C C A P 
d e e 

N yr (B-12) 

WWW 
o _ c s 

w " w~ vv- 
N N N 

(B-13) 

The expreasions for weight flow as a function of pressures must now be 

developed. It will be recalled that orifice flow is given by: 

where 

W 

C , C A P 
d u 

(B-14) 

f 
1 

ratio of subsonic to sonic flow, (See Figure B-10.) 

For sonic flow 

C ,C A P 
d u 

W = - 

Yt 
(B-15) 

An elliptical approximation to the fj function is used in this 

analysis where: 

f 
1 

(B-16) 

(See Figure B-10.) 

The maximum flow error occurs near P,j/Pu = 0.8 and is approximately 

2.5 percent. Since the discharge coefficient is not known to this accuracy, 

the approximation of fj is considered adequate for purposes of the 
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Figure B-10 - Gas Flow Functions 

following analysis. Care must be used to remember that when P /Pj = 2, 
*1 ( Pu) remains unity. u d 

The momentum expression Wc Mc/Wp^ can be derived as follows: 
For sonic flow with k = 1.4 

W M 
c c 

0.915 
CJ A P 

de c c 
CAP 
dee 

(B- 17) 

where Mc = 0.915, the Mach number at the orifice throat based on the 
upstream temperature. 

For subsonic flow 

W M 
c c 

W 
= 0.915 

N 

CAP 
de c c 

C A P 
dee 

where f^ is plotted in Figure B-ll. 

(B- 18) 
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A straight line approximation to this function as shown in Figure B-ll 
describes £3 as follows: 

f 
3 

2.3 1 - 
P 

0 
(B-19) 

and introduces a maximum error of 10 percent in momentum. Even 
though this error is relatively large, it will be helpful to use the follow¬ 
ing approximate momentum expression for subsonic flow: 

W M 
c c 

2.1 C A 
de c 
A 

e 

P 

P 
e 

(B-20) 

where it is seen that the momentum efflux at the throat of an orifice to 
a 10 percent maximum error is linearly related to the pressure drop 
across the orifice for subsonic throat velocities. Again,care must be 

/ 
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used to remember that for Pc/P0 > 2, sonic conditions exists and 
equation (B-17) must be used. Most practical applications of vortex 
devices involve primarily subsonic flow at the control orifice. PQ is 
outer wall pressure in the vortex chamber,which acts as a back pressure 

on the control jet orifice. 

The flow leaving the exit hole using equation (B-16) is given by: 

W P. p. 
—— = 2 —— - 1 for subsonic flow —— < 2 
W P P 
Ne e 

(B-21) 

The exit flow for sonic exit velocity is given by: 

W P. pi 
—— = —— for sonic flow —- > 2 
W P P - 
Ne e 

(B-22) 

Recapitulating: 

> f (M ) 
o to 

— = € (B-23) 

where 

f <M,o> = 7 r 1 " ‘ 
L 

M r 
2 2 . to o - , 

M = KM for —-< 1 
to to M r. 

m i 

or 

M 
to 

' = 7 

2.1 T| c A 
dc c 

A d e 

M 
m 

2 2 
Mr., y 

m 1 \ w ¿ 2 - - 1 - M 
2 2 1 to 

M r 
to o 

M r 
to o 

for-> 1. 
M r. 

m i 

P P 
c _o 

P ' P 
e e 

for subsonic control flow, ■rr- > 0.528 (B”24) 

M 
to 

0.915 q C A 
_ de c 

A d e 

for subsonic control flow, —— < 0.528 (B-25) 
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( B- 26) 

WP p 
° i , i 

- for sonic exit flow, -> 2 
LJ p w p 

N e 
(B- 27) 

WWW 
_o_ _ _s c 
W " W + W~ 

N N N 
( B- 28) 

W 
N 

CAP 
de e e 

Yt 
(B-29) 

M = f 
m 

e / 
(B- 30) 

The maximum tangential Mach number given by equation (B-30) 
remains to be determined by using the experimental data. As indicated, 
it ’s strongly related to the control pressure ratio used. If the assumed 
velocity profile model is reasonably correct, it can be expected that 
^m shou-ld never exceed a value of one, as in reality, the vector sum 
of the tangential and radial velocities cannot exceed one. 

Equations (B-23) through (B-30) can now be solved and the 
theoretical results compared with experimental results. 

B-3 THEORETICAL - EXPERIMENTAL CORRELATION 

In examining the equations,it will be of interest to assume Mm 
so large that the vortex flow is considered to be that of a free vortex. 
The vortex chamber tested had a radius ratio, r0/r¿ = 8 and a control 
parameter, 2.1 q C(jc Ac/C(j Ae = 0.2. The experimental data is plotted 
in Figure B-12 with the discharge coefficient Cd as given by Figure B-4, 
used for the maximum flow line; thus,W0/Wjq for maximum flow follows 
exactly the theoretical form. Since the discharge coefficient for the 
control characteristic curves is unknown, an assumed value of 0.72 was 
used to normalize the experimental flow points. The normalizing flow 
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is given by equation (B-29). It was assumed that the momentum mixing 
efficiency was at least 9G percent in arriving at the control parameter 
given as 0.2 above. 

Solving the theoretical equations for the values given produced 
theoretical results which plotted well to the left of the experimental 
points for all three control pressure ratios shown in Figure B-12. Two 
choices were now open to adjust parameters to effect a correlation. 
One choice was the reduction in q, the mixing efficiency, which would 
move the theoretical data points to the right (in the direction of increas¬ 
ing P0/Pe)- The other choice involved a reduction in radius ratio, 
below that of the theoretical value of 8. It will be noted that as long as 
Mm is large, the equations always use the parameter multiplied by 
k/2 (rQ2/ri^ - 1) and the choice in adjustment is arbitrary. However, 
for the lower flow portion of the characteristic curves,this arbitrary 
product does not occur as f (M^0) involves the use of Mm. In order to 
get a satisfactory correlation at low flows, r0/ri had to be reduced to 
a value of 5.08 compared with the theoretical value of 8. It can be reasoned 

that a real fluid with viscosity could cause losses at the chamber walls, 
which in effect reduce the apparent radius ratio. 

Figure B-12 - Theoretical-Experimental Correlation P0/Pe 
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As a specific example, where Mpp is assumed very large, the 

theoretical characteristic curve for Pc/Pe = 3.72 is shown in Figure 

B- 12. The dashed portion indicates the solution if no maximum tan¬ 

gential velocity is reached. Here then, is theoretical behav'ior .indicating 

the existence of a negative resistance characteristic. The pressure 

ratio Pq/Pí is strongly exponentially increasing with Mfo^.and if no 

limit is reached on tangential velocity in the chamber, the centrifugal 

pressure buildup can increase so rapidly that P0/Pe must be increased 

at lower flows to maintain the flow. Since only the slightest negative 

resistance is indicated by the particular experiment used, Mm must be 

nearly equal to (r0/rj) Mto taken at the point of curve verticality, 

Po/Pe ^ 2.47. The value of determined in this manner was approxi¬ 

mately 0.6. Since a slight negative resistance is involved,a value of 

Mm^ = 0.606 gave the best correlation. Using the same reduced, 

r0/r^f (r0/ri = 5.06), the other theoretical curves for Pc/Pe = 2,36 and 

5.08 were constructed. Surprisingly, the fit was good,indicating that 

whatever the loss mechanism is that effectively reduces r0/rj, it seems 

to hold for the range of pressure ratios, P0/Pe, studied. Again, to get 

correlation at the low flows,it was necessary to find the proper values 

of The interesting aspect of the theoretical model selected is that 

Mm seems to remain virtually constant for a given Pc/Pe but must be 

increased with increasing Pc/Pe,as shown in Figure B-13. At this time, 

Pc 

p. 
Figure B-13 - Maximum Tangential Mach Number Versus Pc/Pe 
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it must be concluded that the velocity profile selected (See Figure B-9). 
has caused this empirical relationship between Mm and Pc/Pe,and that 
some profile other than solid body rotation from the radius at which a 
maximum Mach number occurs could change this empirical relationship. 
However, the theoretical model may become more complex and less 
amenable to hand analysis should other profiles be used. 

It is interesting to note the effect of increasing the maximum 
tangential Mach number. For the case of Pc/Pe - 2.36, Mm2 was in¬ 
creased from 0.36 to 0.4 and the results are plotted in Figure B-12. 
As can be seen, a higher Mm causes more negative resistance and pro¬ 
duces a better turndown ratio. The higher Mm, implies a chamber with 

less loss, and,therefore,better gain, turndown ratio, and negative resistance 
should result. If the losses are less, then the effective r0/r^ should in¬ 
crease slightly, which will swing the upper portion of the weight flow 
curve (that portion above the point of verticality) to the left, thus further 
augmenting the negative resistance. 

For the portion of the flow curves above the upper point of verti¬ 
cality, equations (B-8), (B-24), and (B-26) are again linearized to yield 
the following gain expressions: 

9P. 
i 

9P 
o 

e 

(B-31) 

(B-32) 
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To find the flow gain 8W /9W , 
o c 

K M 
too 

io 
p - p 

. io e 

1 - 
KM P. 

too IO 
p - p 

io e 

(B- 33) 

W 
c 

A P 
e 

^ A d e 
P 

e 
1 

(B- 34) 

W 

W 
_ oo. 

- 2 K M 
too 

IO 

p. - p 
io e, 

W 

W 
CO 

1 - 

KM P 
too IO 

p. - p 
io e 

(B-35) 

It is, of course, interesting to note the denominator in each gain ex¬ 

pression. When K ^io^^io"^) eclual8 unity, all gains are 
infinite,which indicates, of course, that the quiescent operating point 
is at the point of verticality on the characteristic curve. The denomi¬ 
nator can be thought of as a regenerative effect which becomes more 
dominant as Mjq or bias control is increased. 
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B-4 NOMENCLATURE FOR APPENDIX B 

A^ = control jet area - in^ 

A = exit hole area - in^ 
e 

C 

dc 

K 

K 
T 

M 
c 

M 
m 

M 

M 
to 

P 

u 

R 

T 

gas constant - *R ^^/sec 

exit hole discharge coefficient 

control jet discharge coefficient 

vortex sensitivity constant 

vortex chamber turndown ratio 

control jet Mach number 

maximum tangential velocity Mach number 

tangential Mach number of flow field 

outer wall Mach number 

control jet pressure - psia 

pressure downstream of an orifice - psia 

back pressure on vortex chamber - psia 

vortex static pressure at radius r. - psia 

vortex chamber - outer wall pressure - psia 

supply pressure - psia 

pressure upstream of an orifice - psia 

gas constant - in. - Ibf/lbm - *R 

gas temperature - *R 

B -22 



V = control jet velocity entering chamber - in/sec 
c 

V = sonic velocity of gas at temperature, T - in/sec 
s 

V = tangential velocity of vortex flow field at radius r ■ 

V = outer wall tangential velocity of vortex flow field - 
to 

W = control flow to vortex chamber • Ibm/sec 
c 

r 

normalizing weight flow 

total flow leaving vortex chamber - Ibm/sec 

supply flow to vortex chamber - Ibm/sec 

see Figure B-10 

see Figure B- 11 

, . 2 
local acceleration of gravity - m/sec 

ratio of gas specific heats 

chamber thickness or length - in 

vortex tangential velocity characteristic exponent 

vortex chamber radius - in 

vortex chamber outer radius - in. 
o 

r = radius at which M occurs - in. 
m no 

= momentum mixing efficiency 

p = fluid density - lbm/in 

Note: Additional subscript zeros indicate quiescent value of 

variables. 

in/sec 

in/sec 
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APPENDIX C 

HYBRID REGULATOR DYNAMIC ANALYSIS 

This Appendix describes the dynamic analysis used on the hybrid 
regulator in order to determine the design parameters. The parameters 
were selected to provide a dynamically-stable regulator under all oper¬ 
ating pressures. A mechanical model of the regulator is shown in Fig- 
ure C-l, along with the flow schematic. The following list of nomencla¬ 
tures defines the various quantities used in the analysis and in Figure C-l. 

Pressures (psia) 

Pg = storage bottle pressure 

Pg = gas pressure downstream of variable orifice Am and 
confined-jet amplifier supply pressure 

P^ = confined-jet amplifier output pressure 

P = vortex chamber pressure 
o 

P^ = vortex chamber exit hole pressure 

Pp = regulated pressure, also confined-jet amplifier vent pressure 

P^ = ambient pressure 

(b) Mechanical Model 

Figure C-l - Flow Schematic and Mechanical Model 

C-l 
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Flows (Ib/sec) 

Wß = storage bottle delivery flow 

= vortex chamber supply flow 

Wv = confined-jet amplifier supply flow 

W = vortex chamber control flow 
c 

W = vortex chamber exit flow 
o 

= confined-jet amplifier vent flow 

W = load flow 
i-J 

W = vortex volume pressurization flow 
po 

r, ~ regulated pressure volume pressurization flow 
pH 

= vortex volume displacement flow 

Areas (in^) 

A = variable mechanical area 
m 

A^ = fixed orifice in vortex chamber supply 

A^ = confined-jet amplifier supply area 

A^ = vortex control port area 

A = vortex chamber exit area 
e 

A = load area 
JL< 

Miscellaneous 

K = vortex chamber gain 

K' = spring rate Ib/in 

M = control port Mach number 
to 

= swirl factor 

A = spool area - in^ 

M = spool mass - Ibm 

y = spool position - in 

S = Laplace operator 

C-2 



Flow equations were established for all flow paths and linearized about 

quiescent operating points. Dynamic pressures and flows are indicated 

-by single subscripts (i.e., PSi Pqi etc.) whereas quiescent pressures and 

flows are indicated by the single subscripts followed by "o". (i.e,, Pso, 

Pqo» etc.) The linearized equations are: 

Flows 

6 

W 

W 
so 

W. 

W 
Lo 

W 

W 
VO 

W 

W 
CO 

K 
c 

W 
_o 
W 

oo 

- ô y 

1 

P 
s 

p 
so 

A sonic 
m 

A sonic 
s 

A sonic 
Lj 

A sonic 
V 

1 + K 
c 

P 
_c_ 

p 
CO 

K 
c 

p 
o 

p 
CO 

p. 
1 

p. 
io 

A sonic 
e 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 
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A P 
W. oo 

D R T 
S y 

V 
W =-s P 

po k RT o 

W _ = - S P 
pR k RT R 

Pressures 

po P. 

p ~ p + 2 K M (M ) 
oo Pio to° to 

(9) 

(10) 

(11) 

(12) 

Vortex Relationships 

M 
to 

M 
too 

W + W 
s c 
W 

oo 

1 + K 
m 

- K 
m P 

co 

K 
m 

Force Balance 

(13) 

(14) 

P A 
o MS y + K' y (15) 

By substituting the various equations into each other, the relationships 
result in a fourth order characteristic equation given below: 
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where the coefficients are given by 

W K' B 
C = W 6 + —- 

° B° PRo A Q K 
(17) 

Vo K1 APoo VRß K1 
+ + --- + 

V°K1 W 
Lo 

WT A F 
Lo oo 

1 kRTA RT kRTAaK kRTW P_ AaK RTW P,, aK 
oo Ro oo Ro 

(18) 

A P V 
oo 

R 

Vo VR K1 
WT ßM 

_ + + Lo_ 

¿ k(RT)2W a K k(RT)2W AaK PRo a AK 
oo oo 

(19) 

Vo M 
V WT M 

Lo VR ß M 
3 kRTA kRTW A a K P_ kRT a KA 

oo Ro 
(20) 

Vo VR M 

4 (kRT)2 A a K W 
oo 

where 

(21) 

i K P 1 m oo 
Q - p + 2 

co (p r 
co 

(22) 

1 Km 
P " p + p 

OO CO 

(23) 

The physical constants of the regulator are: 

regulated flow 0.014 lb/sec 

regulated pressure 30 psia 

Poppets mass 0.0001 lb-sec^/in 
(calculated) 
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V 

A 

VI 

Woo = °-2 WLo 

so 

3 
CO 

3 
OO 

5Ro 

m 
1 

K„ 

K 

0.01 in 

0,2 in2 

0.1 inJ (minimum) 

(assumed) 

115 psia 

90 psia 

60 psia 

30 psia 

2.5 

500 Ib/in 

Substituting these quantities into the characteristic equation yields: 

5.35 X 10'15 S4 + 5.39 x 10'H S3 + 14.11 x 10-8 S2 + 6.13 x IO-4 Í 

+ 0.0697 + 0.014 6=0 

To find the maximum allowable gain, Routh's stability criterion is 
applied. Routh's array for a fourth order equation is given by 

whe re 

S C2 C4C1 

bl C1 ' C3 C1 

(24) 
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I 

1 

Substitution of equation (24) yields for absolute stability 

6 < 90 

and applying a 6 db gain margin yields an allowable poppet gain of 

6 = 45 . 

This gain can be obtained by a conventional spherical seat design, which 
will be used. 

The spring rate of the suspension washers is calculated, using a 

formula from "Formulas for Stress and Strain", R. J. Roark, which 
gives 

whe re 

F 

y 

P A 
o 

y 

E r 
0.092 az 

E - modulus of elasticity 

t = thickness of plate 

a = outer radius of plate . 

Using a 0.4 inch radius and a thickness of 0.006 inch yields 

K 
1 30 X 106 (0.006)3 

(0.092) (0.4)2 
440 lb/in . 

1 
1 
1 
1 
1 
1 
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APPENDIX D 

FLOW CHARACTERISTICS OF n ORIFICES IN SERIES 

D.l ANALYTICAL BASIS 

Consider n orifices in series as indicated in Figure D-l. Here 
the orifices are counted from the upstream side so that the nth orifice 
is at the outlet. The inlet pressure may be deroted P0, the outlet pressure 
of the first orifice, Pj, and so on,to the outlet pressure of the downstream 
orifice, which is denoted Pn. The "P's" are all measured in absolute 
units,so that the pressure ratio across the overall array of orifices is 
P /P . n' ^o 

For the unchoked condition, the flow of an ideal gas through a 
single orifice is given by: 

Given a series of orifices, the weight flow of gas through any 
orifice must be equal to the weight flow through any other orifice. For 
a given orifice»we can write from equation (D-l) where 2 < j < n. 

cdA j-i8/ 
2k 

R(k - 1 ) ff J. - 1 
1/k (k - 1 )/k 

(D-2) 

1 2 3 

LT-T 
n -1 " 

I—I FLOW DIR. 

Pl P2 p3 
P -2 P„ . P- rn-l n 

Figure D-l-Orifice and Pressure Notation 
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For the next orifice: 

j cdA j8/ 
Zk 

R(k- 1) 

(k - 1 )/k 

(D-3) 

Since w 
j-1 

= w , we can combine equations (D-2) and (D-3) to obtain: 

(k - 1 )/k 

(k - 1 )/k 

(D-4) 

Equation (D-4) shows that for fixed areas, defining the pressure 
ratio across either orifice defines the pressure ratio across the other. 
This may be generalized to the statement that defining the pressure 
ratio across any orifice defines the pressure ratio across any adjacent 
orifice. The corollary conclusion is that setting the pressure across 
any single orifice in the series defines the pressure ratio across every 
other orifice in the series and since: 

the overall pressure ratio is also defined. 

The effective area of a series of n orifices may be defined as: 

A 
m 

w 

c-8/ 
2k 

d8 V R(k - 1 ) P 
o 

(D-6) 
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with the restriction that 

P 

0.2588 for ~ < 0.528 and k = 1.4 
o 

The area of the first orifice is given by: 

A w 
1 

C / 2k Po 
d8/ R(k-i) 

1 
p 

of 

(D-7) 

We can divide equation (D-6) by (D-7) to obtain 

(D-8) 

D.2 RESULTS 

Equations (D-4), (D-5), and (D-8) have been used to calculate t.ie 
significant pressure flow characteristics of n orifices in series. Since 
the equations are not suited for hand computation, the calculations were 
performed,using a digital computer. 

In many of Ihe applications involving the use of a series of orifices, 
the primary interest is in obtaining the maximum change in effective area 
as pressure ratio changes. Therefore,the first set of computations was 
used to determine the distribution of individual orifice areas in a series 
string which gives the greatest change in ratio Am/A1 as P /P changes. 
For this set of computations,n = 5 and A^/Aj ranged from (U to 1 0 with 

areas A^, and A4,varying in both arithmetic and geometric progressions 

The results of the first set of calculations shows that the greatest 
change in the ratio Am/Aj for a given change in Pn/P occurs when all 
orifices in the series have the same area. All other calculations were 
performed in this case. 



Examination of equation (D-4)^ orl(1Ce will have the 

adjacent orifice areas are 'q • va,ue Thu8,as the overall 
pressure ratio closest to the cr e to choke will be 

pressure ratio Pn/P„ 1» ‘‘'"'“e iownsUeam orifice ha. choked, it. 
the downstream orifice. 0^ma¡n £ixed at the critical value as the 
effective preseure ratio wi £ixing 0ne pressure ratio fixes 
ratio Pn/P0 decreases furthe . sure ratios across all orifices 

all others in the series strinS’ hePdown8tream orifice has choked ana 

^we^o^utAction of the upstream conditions only. 

rp Ratio for Equal Orifices in Series as a 
Figure D-2 - Crjtica^ res^su ^ 0r.{ice8 k = 1>4 
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Since the overall pressure ratio across a string of orifices is 
always smaller than the pressure ratio across any individual orifice, 
he critical pressure ratio of a series of orifices is less than that of a 

sing e orifico. This is a highly useful property. Figure D-2 shows the 
critical pressure ratio as a function of the number of orifices for a 
diatomic gas <k = 1.4). This has been plotted from a curve given in the 
Reference. 

The flow through a series of equal orifices may be computed by 
means of an effective area which is a function of the pressure ratio. 
Table D-l gives the values of the effective areas for values of n = 2, 5, 
ana 1 0 at pressure ratios with increments of 0.05. The table has been 
computed from the simultaneous solution of the system of equations 
(D-4), (D-5) and (D-8). 

The non'Jin- ensional effective areas given in the table may be used 
to compute the flow of a diatomic gas through a series string of equal 
area orifices by means of the following equation: 

W = CdAl 
m 4 2k 

R(k - 1 ) /t 
n 

1/k 

1 - 
n 

o/ 

(k- 1 )/k 

(D-9) 

Table D-l - Nondimensional Effective Areas of Equal Orifices in 
Series for Various Pressure Ratios 

Press 
Ratio 

Number of Orifices 

2 5 10 

0.95 
0.90 
0.85 
0.80 
0.75 
0.70 
0.65 
0.60 
0.55 
0.50 
0.45 
0.40 
0.35 
0.30 

0.7124 
0.7183 
0.7249 
0.7322 
0.7404 
0.7497 
0.7601 
0.7720 
0.7854 
0.7991 
0.8064 

0.4526 
0.4585 
0.4651 
0.4724 
0.4807 
0.4900 
0.5006 
0.5128 
0.5269 
0.5425 
0.5553 
0.5651 
0.5715 

0.3205 
0.3252 
0.3304 
0.3363 
0.3428 
0.3502 
0.3586 
0. 3682 
0.3794 
0.3918 
0.4026 
0.4119 
0.4189 
0.4243 
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where values of Am/Aj for a given pressure ratio are obtained from 
Table D-l and using 

P 
0.2588 for ~ < 0.528 

o 
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