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FOREWORD 

T^íb report was prepared by the Research Laboratories Division 
of The Bendix Corporation for the U. S. Army Missile Command under 

Contract DA 01-021-AMC-11905(2). The project is under the technical 
direction of AMC Project Engineer, Mr. B. J. Clayton. 
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ABSTRACT 

V 
The requirements of un all-fluid pneumatic pr.e.ur« regulator 

ave been investigated and recommendations for a design hive been 

m th 1,' ", T’0'' pre“ur' «gdlator eubeyetem functions are 
( ) throttling, (2) feedback lignai transfer, (3) reference, or error 

be Ôerform d bPri,n"y recomm"'di,io” ¡* ^ «he throttling function 
y a VOr‘eX ValVe ’“pPlkJ ¡rom » dual volume storage 

bottle. This represents the ideal all-tiuid approach. The alternate 
recommendation i. that throttling be performed with a vortex-controlied 
mechanical element. Thi. avoid, the volume penalty associated with 
the dual volume tank. With either approach, the feedback function can 
be performed with a circuit using confined jet amplifier* which com¬ 
bine a high supply pressure recoveiy with a low control to jupply 
pres.ure ratio. A reference circuit di.tinct from the feedback circuit 
tnay not be required. 



TABLE OF CONTENTS 

2.1 

SECTION 1 - INTRODUCTION 

SECTION 2 - INVESTIGATION OF METHODS FOR ALL FLUID 
FRESSURE REGULATION 

Requirement, Concept, and Subsystem Functions 

2.1.1 AMC Technical Requirement No. 715--Summary 
2.1.2 Concept and Subsystem Functions 
2.1 3 Throttling 
2.1.4 Feedback 

2.1.5 Pressure Reference 

2-2 Throttling Methods 

2.2.1 General Description of Vortex Valves 
2.2.2 Single-Stage Vortex Throttling Valve 
2.2.3 Multiple-Stage Vortex Throttling Valve 
2.2.4 Vortex Throttling Valve with Vortex Pilot Valve 
2.2.5 Vortex Controlled Throttling Valve with 

Mechanically Variable Area 
2.2.6 Dual Volume Gas Bottle 

2.3 Feedback Methods 

2.3.1 Performance of Confined-Jet Amplifiers 

¿ 3.2 Confined-Jet Amplifiers with Vortex Control Valves 
2.3.3 Parallel-Staged Confined-Jet Feedback Amplifiers 

2.4 Reference Methods 

2.4.1 Single Versus Multiple-Orifice Bridge 
2.4.2 Reference Circuit Using Jet-on-Jet Amplifiers 
2.4.3 Inherent Reference of Feedback Amplifiers 

SECTION 3 - SUMMARY OF RESULTS, CONCLUSIONS, 

AND RECOMMENDATIONS 

3.1 Summary of Results 

3.1.1 Throttling Methods 
3.1.2 Feedback Methods 
3.1.3 Reference Methods 

2-1 

2-1 

2-4 

2-31 

2-41 

. 

mm 

« . 



■
H

H
M

 

3.2 Conclusions 
3.3 Recommendations 

APPENDIX A - NOTATION FOR SECTIONS 1 THROUGH 3 

APPENDIX B - THEORETICAL ANALYSIS OF 
VORTEX VALVES 

APPENDIX C - BREADBOARD COMPONENTS 

APPENDIX D - FLOW CHARACTERISTICS OF n ORIFICES 
IN SERIES 

B-l 

C-l 

0 
0 
0 
D 



âfem/ftS 

Figure No. 

2-1 

2-2 

2-3 

2-4 
2-5 
2-6 
2-7 

2-8 

2-10 
2-11 

2-12 
2-13 
2-14 
2-15 
2-16 
2-17 
2-18 

2-19 

2-20 
2-21 
2-22 

2-23 

Title 

Regulator Conc.pt and Sub.y.tcn, Function. 
Elementary Vortex Valve Configuration and 

Nomenclature 

"vir“' Characteri.tic. of Vortex 

Schematic Symbol for Vortex Valve* 
Single-Exit Valve Performance 

fr“ iottrValve Single-Stage Vortex Throttling Element with 
art of the Gas Supply Stored at Higher 

Pressure for Control Purposes 
Single-Stage Vortex Throttling Element with 

Reetriction in the Supply Line to Achieve 
Control from a Single Storage Bottle 

Determination of Supply Pre.eure Require- 
ments for Single-and-Multiple Orifice 
Reetriction in the Supply Lin. of a Vortex 
Throttling Valve 

Staging Analyeie - Schematic and Noiation 
ormaliied Flow-Pre.eure Characteri.tic« 

Output Configuration for Vortex Pilot Valve 
P.lot Configuration of Ca.cad.d Vortex Valve 

tITs a8e Dn°"d VOrt,X Valve Performance 
Thro « VOr'** V*lve Performance Throttling Circuit Test 

Tro'«*8' ou01"1 VOrtïX VlIve Performance 
"p5';;?' P‘lo"d v°rfex Valve Performance 
(Positive Feedback) 

T7P;S,a?e ”l0t'd Vorter Valve Performance 
(Positive Feedback) 

Vortex Regulator Element 
Dual Pressure Bottle System 
Confined-Jet Amplifier Configuration and 

Schematic Symbol 
Confined-Jet Amplifier Test and Receiver 

Configurations 

2-2 

2-5 

2-6 
2-7 
2-8 

2-10 

2-12 

2-12 

2-13 
2-15 
2-15 
2-19 
2-20 
2-21 
2-22 
2-23 
2-23 

2-24 

2-24 
2-25 
2-29 

2-31 

2-32 



F 
:- 

Figure No. 

2-24 

2-25 

2-26 

1- ll 

2- 28 

Title 

Confined-Jet Amplifier Performance - 

Receiver A 
Confined-Jet Amplifier Performance - 

Receiver B 
Confined-Jet Amplifier Performance - 

Receiver C 
Confined-Jet Amplifier Performance - 

Receiver D 
Confined-Jet Amplifier Performance - 

Page 

2-34 

2-35 

2-36 

2-37 

Receiver A 
2-29 Single-Stage Feedback Amplifier Test 

2-38 

Schematic 
2-30 Single-Stage Feedback Amplifier Performance; 

No Feedback 
2-31 Single-Stage Feedback Amplifier Perfornrunce; 

Positive Feedback 
2-32 Parallel-Staged Feedback Amplifier Test-Two 

Stages 
2-33 Two-Stage Feedback Amplifier Performance 
2-34 Two-Stage Feedback Amplifier Interstage 

Pressures Corresponding to Figure 2-33 
2-35 Two-Stage Feedback Amplifier Performance 

with Output Load 
2-36 Flow Function for Orifices in Series 
2-37 Single Versus Multiple Orifice Bridge 
2-38 Reference Circuit Test Schematic 
2-39 Reference Circuit Switching Characteristic 
3_1 Schematic of System with Dual Volume Tank 
3_2 Schematic of Pressure Regulator with 

Mechanical Element 
B-l Simple Vortex Chamber 
B-2 Vortex Chamber Characteristic Curves with 

Regulated Supply 
B-3 Vortex Chamber Characteristic Curves with 

Regulated Control 
B-4 Vortex Chamber Maximum Flow Discharge 

Coefficient 
B-5 Characteristic Curves of Vortex Chamber 

Center Pressure, Pj 

2-39 

2-39 

2-40 

2-41 
2-42 

2-43 

2-44 
2-46 
2-46 
2-47 
2- 47 
3- 4 

3-4 

B-l 

B-2 

B-4 

B-4 

B-6 



i 

Determination of £i from Weight Flow 

Pe 
Charicterietic Curves 

Operation of Vortex Valve with Exit Hole 
Flow Sonic 

Vortex Tangential Velocity Dietribution 
Assumed Tangential Velocity Profile for 

Gases 

Gas Flow Functions 
Momentum Function - f Po 

3 P" 
c 

C-l 
C- 2 
C-3 
C-4 
D-l 
D-2 

Table No. 

Theoretical-Experimental Correlation P /P 
o e 

Maximum Tangential Mach Number Versus 
P /P 

c e 

Typical Vortex Valve Components 
Control Injector Plate 
Throttling Circuit Assembly 
Confined -¡Jet Amplifie r Components 
Orifice and Fressure Notation 

Critical Pressure Ratio for Equal Orifices in 
Series as a Function of the Number of 
Orifices k = 1.4 

Orifices in Series for Various Pressure 
Ratios 



SECTION 1 

INTRODUCTION 

This is the fourth progress report prepared under Phase I of 
this project. Since this is the final progress report of Phase I, it has 
been written as a Phase I summary report and therefore supercedes 
the previous monthly progress reports, Bendix Research I aboratories 
Division reports 2942 (13 April 1965), 2963 (t May 1965), and 3005 
(11 June 1965). 

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 function are explored. 

Section 3 summarizes the results of Phase I, exhibits the principal 
conclusions, and recommends the approach to be developed during Phase 
II. Two different approaches have been found to be feasible; the first, a 
primary recommendation, is based on a dual volume gas storage bottle: 
and the secondary, is based upon the use of a mechanical variable area 
element. 

Appendix A gives the notation used in *he main body of the report. 
Appendix B presents a somewhat more detailed analysis and description 
of the vortex valve. Appendix C describes the components used in the 
experimental portion of the work, Finally, Appendix D describes the 
pneumatic flow characteristics of a series of n identical orifices. 
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2.1 REQUIREMENT, CONCEPT, AND SUBSYSTEM FUNCTIONS 

2.1.1 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 pressurized 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 regu¬ 
lator is to deliver a constant pressure of 15 psig to a fixed lead 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 tho 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 *he 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, /'though the term "regulator" 
implies the use o* 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 closed-loop 
control in aiticipation of future AMC regulator requirements with variable 

SECTION 2 

INVESTIGATION OF METHODS FOR ALL FLUID 
PRESSURE REGULATION 
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Figure 2-1 - Regulator Concept and Subsystem Functions 

ioad conditions, but a combination of open-loop programming with feed¬ 
back 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. 

2.1.3 Throttling 

The required nominal load flow at 15 psig output pressure is 

WL = <CD S71''2’AL PR 

= (( 1)(0.532)/( 530}1 ^)(0.02)(29.7) 

= 0.0138 lb/sec 

(2-1) 

where the coefficient of discuarge 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 ICI 5 to 

-
-
.
-
.

 



115 paia and the regulated preaeure from 31.2 to 28.2 paia, tc aatiafy 

the equation 

(2-2) 

The extreme effective areas of the throttling element muat be 

A. P 
h—Rm-a— = 0.000«'15 in 

and 

P„ max 
B 

L Rmin _ q QQ49 in2 
P min 

B 

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 muat 

be capable of changing the impedence (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 imp y 
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 distribution 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 element«i re¬ 
quired to perform the function of feedback signal transfer from the 
reference element output pressure to the throttling element control 

pressure. 



Pressure 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 *he regulator ambient pressure. 

2.2 THROTTLING METHODS 

2.2.1 General Description of Vortex Valves 

vortex valves are the only all fluid devices that exhibit a 
variable and controlled impedence. 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 charac¬ 
teristics 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, *he flow through the valve is . 
determined by the supply pressure, exit pressure, and the area of the 
outlet orifice in the equation 

w 
* (CD C2/T 

1/2 
'\ps Wps' (2-3) 

e 
D 
D 
0 
D 
D 
I 
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Figure 2-2 - Elementary 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 
mojmenta 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 03 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 upper envelope 
of the curves of constant control pressure is the orifice flow charac¬ 
teristic for the outlet orifice; when P < Pg, there is 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 

w 
Turndown Ratio = 

w 

P„ < P„ 
C - S 

pc 1 pcsc Pg = constant 

Tené/Y 

. 2-5 
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Figure 2-3 - Static Performance Characteristics of Vortex Valves 

where PcsC *-8 c°ntrol pressure for supply flow cutoff at the given 
supply pressure. The turndown ratio is nearly independent of Ps for 

pS » Pe* 

The schematic symbol for vortex valves is given in 
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. 

2-6 
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ha, an «I, orifice diameter of 0.08 inche., lei. (hafíb. 0 0.8 , a 
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flow required to achieve full turndown. Figure 2-6 «how« the perform¬ 
ance of the valve with the characteristics in Figure 2-5 after conversion 
to a double-exit conliguration. This makes the valve too large for the 
present application; it now delivers the required load flow between supply 
pressures of 425 and 50 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 im¬ 
provement 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 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 tnere should be no change in its turndown 
ratio at higher pressures (no such change has been experienced in other 
valves). The 8.1/1 turndown ratio of this valve was confirmed prior to 
making the modifications in the original single-exit valve button. 

Control -- To control the valve along the line of Pq = 15psig 
in Figure 2-5, the control pressure must at least equal the supply pressure. 
The control pressure ratio Pç/Pg = 1*15 when Pg = 650 and decreases to 
1.0 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 2-7. 
PgC must be greater than Pg if the programming, reference, and feed¬ 
back elements are to provide the control pressure P^ required along the 
line Pjj = 15 psig in Figure 2-5. Extending this line to the right, beyond 
the range of the single-exit valve, we estimate the control pressure re¬ 
quired for supply flow cutoff would be 1160 psig when the storage bottle 
pressure P is 1000 psig. If the feedback amplifier can then deliver a 
Pç up to about 80 percent of Pgç» a storage pressure of 1500 psig would 
be enough for the supply cutoff point at Pg = 1000 psig in Figure 2-5. 
We see that a valve with turndown ratio 181/30 = 6.0 would provide the 
throttling range from Pg = 1000 to 150 psig. The dual storage bottle 

concept will be discussed further in Section 2.2.6. 
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Another potentiel method oí obtaining the Pç/Pg ratio 
required to shut off the throttling vortex valve at the higher level* of 
Pg would be to use a pressure dropping orifice in the supply line of the 
vortex valve. However, this approach can be eliminated f'-'m consider¬ 
ation for this application by the following analysis. 

In Figure 2-8, the restriction in the supply line is repre¬ 
sented by A§. If the restrictiou is a single crifice, the supply flow is 
given by 

1/7. 

(2-4) 

When the bottle pressure is at its minimum value, the vortex valve 
should provide minimum impedance. This means P^ < Pg so there i 
would be no control flow w^. at the minimum PB‘ The smallest A§ that 
can be used must deliver the required load flow w£ when Pfi= 115 psia 
and the valve is "open" enough to drop P^ be’.ow the critical pressure 
for sonic flow through Ag. For this condition 

o' 

* 1/2 
Wl:=<CdC2/T ) As(115) f! (<0.532) 

Combining (2-4) and (2-5) gives 

(2-5) 

(2-6) 

This equation is plotted in Figure 2-9 to show the Pg required at higher 
bottle pressures to keep the supply flow wg = w^. The actual Pg required 
will be greater than this because, when the valve is turned down, nearly 
all of the flow through the valve is control flow. It is clear from Fig¬ 
ure 2-9 that a single-orifice restriction siz,ed to deliver the required 
load flow at the minimum bottle pressure would itself require a pressure 
ratio P_/Pg = 0.99 when the bottle pressure is five times its minimum 
value (Pg = 560 psig). The pressure recovery of the output stage of 
practical feedback devices is less than about 80 percent of the supply 
pressure and Pg/Pç < 0.8 is required for full turndown of the vortex 
valve, so this method of control is restricted to applications where the 
inlet pressure does not drop more than about three percent of its initial 
value. In other words, a single-orifice restriction Ag sized to provide 
Pg/Pg = 0.64 at the maximum Pg, must become sonic when Pg decreases 
to 97 percent of its initial value. This is shown in Figure 2-9. 

- 
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Figure 2-7 - Single-Stage Vortex Throttling Element with Part of the 
Gas Supply Stored at Higher Pressure foil- Control Purposes 
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Figure 2-8 - Single-Stage Vortex Throttling Element with Restriction 
in the Supply Line to Achieve Control from a Single Storage Bottle 
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Figure 2-9 - Determination of Supply Pressure Requirements for 
Single-and-Multiple Orifice Restriction in the Supply Line 

of a Vortex Throttling Valve 

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 criticai 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 Pg/P„ 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 
in Figure 2-9 to illustrate the control range obtained by using ten orifices 
in series. If the series of orifices is sized for an initial Pg/Pg = 0.64, 
the inlet pressure can drop to about one half of its initial value before 
the series of orifices begin to limit the supply flow. To obtain the 
throttling range required for the regulator, the pressure ratio across 
the series of orifices must be Pc/P« = 0.98 when PD is ten times its 
minimum value. S B B 

Although there is some advantage in using a series of 
orif}ces instead of a single orifice, a restriction in the vortex valve 
supply line can not be used to drop the supply pr^caure to the valve for 
control purposes in this application. 

'"‘¡Se/**//*'' 
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2.2.3 Multiple-Stage Vorte» Throttling Valve 

The problem of providing adequate control-to-supply 
preasure ratios Pc/Pg > 1.25 for the throttling valve by use of a re¬ 
striction in the valve's supply line was approached by allowing the 
restriction to be variable in the form of another vortex valve. This 
suggests the possibility of one or more vortex valves acting as variable 
impedances, and turned the investigation toward the more general question 
of how to stage or combine vortex valves to realize throttling performance 
that cannot be achieved in a single valve alone. 

Figure 2-10 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 subscript 
"f" refers to final conditions. 

Figure 2-11 gives a representation of the normalised flow- 
pressure characteristics of a variable pneumatic impedance. The apper 
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 an wQ/wN versus PjP¿ where 
pu/pd 18 the P»’®«»u*,e ratio, w0 Í > the outlet flow, and: 

w. 
. C, C. A P, 

A 2 d e d 
N Vt" 

(2-7) 

where 

(k+l)/(k-l) 
(2-8) 

The equation of the straight line segment A is: 

w 

* 
N 

(2-9) 

The equation of the straight line segment B is: 

(2-10) 
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A rigorous description o£ 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.* Based on this approxi¬ 
mation, the equation for the curved line segment C is: 

(2-11) 

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

2 P 
= (2-12) 

d 

Equation (2-12) 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 < < 2. 

If the staged vortex valves of Figure 2-10 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 

(2-13) 

(2-14) 

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 changes in the interstage 
pressure Pm will affect the flow through the vortex valve A. If the vortex 

♦ 
"Thermodynamics,'’ J. E. Emswiler, F. L. Set vartz, McGraw-Hill 
Book Company, Inc., New York and London, p. 302, 1943. 
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valve A was an orifice, this would be approximately defined by 

* £ ®*nce a wld« open vortex valve is an orifice and since 

PBi/Imi < PBf/Pmf we can aay tha* 1 < PB/Pm < 2. That is, vorte.« 
valve A must operate in the region described by equations (2-11) ana 
(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 d^wn condition 4¾ * 0 
and the control flow wCA will be the full flow through the valve. It 
will be impossible to operate vortex valve B in the fully turned down 
condition unless w 

CA 0. 

If we let be the turndown ratio of vortex val 'e A and 
RtB be the turndown ratio of vortex valve R, we can w rite the following 
equations from equations (2-9) through ( 2-14) noting thi.t the Initial im¬ 
pedances must be a maximum il Pj^and Wg +wç^ +wçBare to hr con¬ 
stant. This implies that wgl = wCAf = wCRf = 0. 

RtB '^CAI + WCBl» = 

C C, A P 
2 d B mi 

R w 
tA CAi 



(--1 

Combining equations (2-20) through (2-22) gives: 

to 
Í*2r,a2\ 

\ Bf j r^¡ )' P. 
( tB / 

(2-23) 

The limiting case are: 

If = 1, R = R 
PBf to .B 

(2-24) 

If_EÍ > r 
PBf 2 *“ 

„ 2 - 
RtB -1, tA 

2 R (2-25) 

From the above equation, it can be seen that unless tli R > R , R < R . 
r a i .. , . -vi a tA tB to tB Furthermore, it will be impossible to operate vortex valve B in the fully 
turned down condition, since provision must be made for the flow w 

CA 
Thus the value for Rtß 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. 

D 
0 
D 
C 
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Since th*. overall turndown ratio oí the two vortex valves 
connected in seriss 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» if may 
be concluded that staging valves will give no improvement in turndown. 
In certain cases, there will be an improvement in the value of Pç/Pg 
required to obtain a given turndown. This will be discussed in the next 

section. 

2.2.4 Vortex Throttling Valve with Vortex Pilot Valve 

Combined-Valve Performance - Another method of cas¬ 
cading vortex valves is to use a "pilot" valve (Figure 2-12) which feeds 
the control and supply ports of a second valve as shown in Figure 2-13. 
The characteristics of valves connected in this way were determined 
experimentally and the effect of the pickoff location was investigated 
over a range of 0.25 to 1.75 outlet hole diameters. When the pickoff is 
0.25 diameters from the outlet hole, the valve combination requires a 
minimum Pç/Pg for full turndown, but the throttling can not be controlled 
over the complete throttling range. A jump phenomenon 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 turndown ratio is reduced. 
Performance characteristics for the pilot configuration of cascaded 
valves, with what appears to be the best location for the pickoff. are 
shown in Figures 2-14 and 2-15. From Figure 2-14. the inlet pressure 
range where the combined valves will satisfy the regulator throttling 
requirement is from 900 to 200 psig. 

PICK OP F 

P-3184 

Figure 2-12 - Output Configuration for Vortex Pilot Valve 
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Figure 2-13 - Pilot Configuration of Cascaded Vortex Valve 

Control - The pilot configuration provides a reduction in 
the ratio Fç/Pg required for maximum impedance sensitivity and full 
turndown, but putting a restriction in thfe supply line of the pilot valve 
to obtain even this Pc/Pg reqdirement is still impractical. 

From Figure 2-15 P > 1120 psig is required for full turn¬ 
down when P = 1000 psi* We rimst provide a pressure source greater 
than the supply pressure to obtain effective throttling control. For the 
throttling tests shown in Figure 2-16, P was set at 1.5P psig. The 

throttling performance with A(positive feedback path) closed is shown 

in Figure 2-17. The circuit wil5 not throttle to the required load flow 
above Pg = 700 psig, but the operating line Pq = 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 Aj, can be used to lower the throttling 

saturation for P > 700 psig as shown2in Figure 2-18 and 2-19. The 
1 

positive feedback reduces the control pressure P required to throttle 

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

2-20 







1 

3 
1 

. ■ i r .. .L-JJ , 
I • »«I «IC M8M kf, * orw 

• • t ' J L 
a * r T • 

“Si 

' T 

¡.l: : ^jrr. T» rn 

" 1 

. 
"* 

i/i 

1 
:!; i?<. - . Í..L.Í. J X ,:.. 

CJ W L/» • MM/MM • 14 

*»,»»» 

«i • Mi 

¥I.V»>,> Ml I,» t./V ».■ ti», f««CMTMt. nan 
VI. RICHVII MP4 MSA CUT NOLI 

V Uf*. 
T- rr TT] 

I .. 

. 1^7 

~n 
. 

1-1 -r- t ¡ r J .. 

T 
r « 

!T 
* : , 

r i 1 
_.L. 

: 
. 

• : 

1 
! 1 
i 

1 
-, - 1 

- • 
; 

>• 

•• 

! j 

' 
.. 

" 1 
/4-.: 

* 

j ‘ 

: i 

!- i 

■ i. 

■ 

:»)T 
• 

" 1* 
i *. ■ 

Ó. 

IT 
• t 

ill. 
4 
• 

• 

ÍL 

J 

ÎÜ 

! 
fr}/llinM 

Figure 2-17 - Two-Stage Piloted Vortex Vahe Performance 

~ zjrr~ ' —:.r..-rr-~r.~~~r ^— ■ —    2 

2-23 

¿ l¡¡ 



w? .: 

'S ent'/ 

• r 

• 



2.2.5 Vortex Controlled Throttling Valva with Mcc 
Variable Area 

One approach which avoiii the limitations imposed by the 
use of a fixed-area pressure dropping orifice at the outlet of the gat 
storage 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 paxts. 
However» the scheme which has been investigated 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. 

Figure 2-20 shows a possible layout of a vortex regulator 
-lement with a mechanically variable area. This is basically a vortex 



valve with a moving button. The upstream edge of the button meters the 
supply gas flow, schematically the device can be represented as a vortex 
valve in series with a mechanical valve. The control pressure is designated 
as Pçí the bottle pressure, as P^; the mean vortex chamber pressure, 
as Fy ; and the regulated pressure as PR. As can be seen from the 
drawing, the button position is defined by the force balance of the 
difference between the pressure forces across the button and a diaphragm 

acting against a spring force produced by the diaphragm and a Belleville 
spring. A shim placed underneath the Belleville washer destermines the 
maximum button travel; 

With the maximum pressure applied to the control ports, the 
mean pressure underneath the button is high enough to close the metering 
element and the flow is governed by the control port area. With no con¬ 
trol pressure, the flow through the metering element is a maximum. 
Thus, by propsrly modulating control pressure as a function of bottle 
pressure and load demand, a constant regulated pressure can be main¬ 
tained. 

The force balance on the button is given b/: 

AB ,PB • Pv> - Ad <PB - PR> * Fd = 0 (2-26) 

where AR and A^ are the button and diaphragm areas and F is the spring 
force. ^ 

It is assumed that the control pressure, P . is derived 
from Pß. A conservative recovery for a confined jet amplifier driving 
a flowing load is 65%. Thus, if the maximum value of P has a nominal 
value of 1000 psia. the maximum value of P = 650 psia. A realistic 

pc/ps value to -hut off a v°rtex valve is l.T. Hence, if the vortex valve 
is in the shutoff condition with Pc= 650 psia. it may be assumed thut the 
vortex chamber pressure at the outer wall is 500 psia. 

The turndown of a double exit vortex valve will be somewhat 
in excess of 8 for high pressure air. Thus the equivalent pressure at 
the exit hole will be approximately 60 psia. 

The definition of these pressures and the assumption of a 
nominal flow of 0.014 lbs/sec of air defines the geometry of the vortex 
valve. For the values derived here, the diameter of the exit hole is 
0.087 in. the button diameter is 0.700 in. 



mim 

With Pß s 1000 paia. the valve element is closed and all 

With Pg * 100 psia all flow pastes flow passes through the control ports. 

through the metering element. If a constant nominal flow of 0.014 lb/aec 
of air is to beroaintai-sd.the pressure at the exit hole must remain at 
60 psia. With no swirl in the vortex chamber» this pressure will extend 
back to the downstream side of «.he metering edge. It can then be cal¬ 
culated that the metering element must have a travel of 0.0037 in. to 
maintain the desired flow at P = 100 psia. 

B 

From equation (2-26) it can be seen that the minimum value 
°* corresponds to the case in which the metering element is open. 
If a minimum value of Fd is assumed, equation (2-26) may be solved for 
Aj’ U8ing the known values of P^, P^, P^, and A for the open metering 
element. The same equation may then be used to solve for the maximum 
value of F^, using the previously established value of Ad. and the known 
values of P^. P , and P^ for ;he closed metering element. For this 
part of the calculation, test data shows that the effective value of P is 
approximately equal to the pressure at the ouier wall of the vortex Chamber. 
Once the maximum and minimum values of Fd have been established, 
the required diaphragm spring rate may be computed from the previously 
established meter; .g edge travel. 

The following results have been obtained and bracket the 
required diaphragm and Belleville spring characteristics. 

F, . = 0 
dmin 

F. . = 5 lb 
dmin 

A = 0.220 in 
(1 

F, = 21 lbs 
dmax 

Rate = 5700 Ib/in 

A = 0.292 in2 
d 

F = 90 lbs 
dmax 

Rate = 23000 Ib/in 

Preliminary analysis indicates that a practical diaphragm 
and spring will lie within the bounds defined by the above range of re¬ 
quired diaphragm characteristics. 
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The resonant frequency of the mechanical element may be 
approximated by the equation for the frequency of a simple spring-mass 
system. 

'n'rrVE <*•** 
If the button is assumed to be stainless steel its weight will be approxi¬ 
mately 0.05 pounds. Substituting this into equation (2-27) along with 
the minimum diaphragm spring rate of 5700 Ib/in gives an undamped 
natural frequency, f = 1060 cpa. The element will thus be quite stiff 
and insensitive to vftration. 

2.2.6 Dual Volume Cas Bottle 

In Section 2.2.2. an approach to the throttling element wss 
discussed which involved the use of a dual volume gas storage bottle. 
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 discussion in Section 2.2.2 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 spherical 
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 theoretically 
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 pressure 
vessel technology improves, the trend lias been for gas storage bottle 
pressures to increase, especially in military and aeronautical applications. 

In view of the above, the necessity of having to store the 
pressurizing gas at two different levels must be counted a disadvantage. 
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 outstanding advantage 
of producing an all fluid system of the purest form. Since this corresponds 
to the goal of this projec t, the d ial volume approach thus deserves investi¬ 
gation. 



One of the firet questions which occurs during such an in¬ 
vestigation 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 2-21. 
At the initial conditions the vortex valve will be shut off and the flow 
from the low pressure bottle will be aero. At the final conditions, it may 
be assumed that the low pressure bottle supplies the total demand of the 
load and the reference circuit. In other words: 

I 

(2-28) 

(2 29) 
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PRESSURE 

sorrtE 

HIGH 
PRESSURE 
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FEEDBACK 
CIRCUIT 

reference 
CIRCUIT 

Figure 2-21 - Dual Pressure Bottle System 
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Defining the efficiency of the feedback circuit aa = 1 - wpj/ (WT + 
w + w ) anc* dividing equation (2-33) by equation (2-30) gives: 

x\ JT1 

(2-34) 

The volumes of the two tanks are: 

(2-35) 

The P /P ratio required to shut off the vortex valve will,range from 
perhapî 1.? to 1.4, depending upon the final configuration selected. The 
pressure recovery of a confined jet amplifier supply a flowing load will 
be approximately 70 percent. Thus the ratio Pg^/P = 1.6 to 2.0 
The feedback efficiency ir not expected to be greater than 50 percent. 

Then equation (2-35) shows that tn« volumes of the two tanks will be 
approximately equal with the high pressure tank being possibly the larger. 

Assuming that pressure P_ decays as a linear function of time» we can 
■ay: 

(2-30) 

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 = ihl» we 
can say: 

• * X - 4.* w = W + w + w 
B_. L R Fi 

Ci 

w. + w + w 
L R Fi 

w 
BCÍ 

(2-31) 

(2-32) 

We will also assume that P_ _ decays as a linear function of time: 
150 

rfi 
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If the two volume* are equal and pBCi/pB; = 2 kh® volutn® of th® two 
tanks will be 33-1/3 percent greater than the volume of a single tank 

initially at pressure _. and holding the same weight of gas* 
BC l 

One approach to a dual compartment pressure vessel which 
might have merit in this application is described in "Chrysier-Type 
Oxygen Pressure Vessel Calculation, Design, and Testing” by H. R 
Cîreenlee, WADD Technical Report 60-365 May I960. This describes a 
pressure vessel concept consisting of a continuously wound high-pressure 
tube fitted and brazed to the inside of a cylindrical shell. The tube rein¬ 
forces the cylinder and permits the use of a thinner cylindrical wall. 
However, this saving depends upon the two volumes being in the proper 
proportion, which does not necessarily hold in this application. 

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 2-22 is the only available element with characteristics 
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 sta ged feedback amplifier. 

The test schematic diagram and the confined-jet receiver 
configurations that have been investigated are shown in Figure 2,23. 
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Figure 2-22 - Confined-Jet Amplifier Cor.ig'uration and Schematic Symbol 
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Figures 2-24 to 2-27 show the output pressure versus control pressure 
with various constant supply pressures. For these tests the receiver was 
positioned two nossle diameters from the nozzle and load orific* 
yfras one-half of the nozzle area. Not* that the noisy operation in the 
high gain region of receiver Ã is reduced by the internal cone of receiver 
B. The noise is further reduced by ¿he coned configurations of receivers 
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 per¬ 
formances of receiver B and C (Figures 2-24 and 2-25) offer the highest 
incremental gain and operating range with comparatively low noise. The 
useful operation appears to be in the range Pç./Pg = to 0.25. and 
the maximum output pressure is about 70 percent of the supply pressure. 

An interesting, ar.d possibly useful prcoerty of confined->et 
amplifiers is illustrated in the test results shown in Figure 2-28. For 
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 independent of the 
supply pressure for 300<Pg<500. Thie property, a result of the over¬ 
lapping characteristics for different supply pressures, seems to hold for 
the type-A receiver more than the others, and the range of the supply 
pressure indepenence 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. 

n 
o 
o 
D 
0 
0 

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 2-29. The output pressure receovery 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 Figure 2-30 and 2-31. The use of positive feedback increases 
the output pressure recovery and reduces the control pressure required to 
deliver the maximum output pressure. 

•V • 

2.3.3 Parallel-Staged Confined-Jet Feedback Amplifiers 

The parallel-staged feedback amplifier configuration is 
shown in Figure 2-32, The input-output characteristics of this amplifier 
are shown in Figure 2-33 and the corresponding interstage pressures are 
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i* igure 2-30 - Single-Stage Feedback Amplifier Performance; No Feedback 
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Figure 2-32 • Parallel-Staged Feedback Amplifier Test-Two Stages 

shown in Figure 2-34. These characteristics were obtained without 
positive feedback around either stage; it does not appear that positive 
feedback will be required to get high incremental gain. The characteristics 
with the load area set to prodace output pressure saturation at about 70 

percent of the supply pressure are shown in Figure 2-35. 

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 norma¬ 

lised by means of the following equation. 

m1 
fPJ \(k- l)/k 

d 

u 

m 1 - 

'P \{k-lJ/T 
d 

(2-36) 

P max 

2-41 

arm 
• ■ 

H ,- d 



yílÜi 

■ V - - ‘ .¾¾^¾ 

■w 

2-42 





-fs»* 
;v'^ 

ffu/Zr^0 

Figure 2-35 - Two-Stage Feedback Amplifier 
Petformance with Output Load ¡r 



ü 
I 
I 
I 
I 
I 
I 
I 
I 
K 
I 
I 
I 
I 
I 
I 
I 

If n=l* the above equation gives the function which is frequently used 
to calculate the flow of gases through restrictions. The function g(P^/P ) 

is plotted in Figure 2-36 for n = 1. 2. 5» and 10 and k » 1.4. 

As can be seen from the Figure 2-36. increasing the number 
of orifices makes g (P./P ) a more nearly linear function of P,/P and 
also decreases the critical1 pressure ratio. For n = 10. the criucaf pressure 
ratio is approximately 0.250 compared 0.528 when n * 1. 

This change is sh^pe 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 ech 
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 2-37. 

One restriction is that the outlet orifice of the vortex pressure 
amplifier must be flowing at a nonsonic pressure ratio. This is a con¬ 
sequence of the fact, as is shown in Appendix D. that setting 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 somce pressure ratio, its pressure ratio will be effectively in¬ 
dependent 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. 
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 
2-38. In this circuit, orifice R4 is sonic and Ri is subsonic at the 
quiescent operating pressures indicated on the figure. The pressures 
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Figure 2-38 - Reference Circuit Test Schematic 

Figure 2-39 - Reference Circuit Switching Characteristic 
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downstream oí orifices R1 and R4 are set equal at quiescent conditions 
so there is *ero 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 eignal is amplified by the proportional amplifiers 

to drive a flip-flop output device. 

The performance of this leference circuit is shown in Figure 

2-39 where several traverses of regulated pressure were made to examine 
repeatability, ".he maximum toUl 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 amplificiation. 

2.4.3 Inherent ..eference of Feedback Amplifiers 

The two proceeding reference schemes have been bated ¿oon 

the detection of shifts in the regulated pressure by means of orifice bridge 
circuits and the amplification of the output of the bridge jy 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 amplifiers has one desirable feature, the drop in pressure 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 atmosphe-ic pressure and the regulated pressure 
will be applied directly to the input of the feedback circuit. Selection of 
this approach will be máde if it can be shown that operating the feedback 
circuit with a higher gain and lower pressure ratio is an easier task 
than operating it with a lower gain and a higher pressure ratio. 
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SECTION 3 

SUMMARY OF RESULTS, CONCLUSIONS, 

AND RECOMMENDATIONS 

3.1 SUMMARY OF RESULTS 

The tollowing results were obtained during Phase I of this project. 

3.11 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 avidlable. The turndown ratio which can 

be obtained and the p^/ps i atio required depend upon the exact con¬ 

figuration. The double exit valve ca 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 thi bottle storage pres¬ 

sure in order to obtain the necessary pc/p ratio is impractical. This 

is a consequence of the fact tint the pressure dropping orific*» becomes 

sonic during bottle blowdown ai d becomes incapable of being cont’ oiled 

by the downstream vortex valve when the bottle pressure has decreased 
only slightly. 

It can oe shewn 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 

maximilm 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-iruthe 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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3.1.2 Feedback Methods 

The confined jet amplifier is a fluid state device which 
permits a low pressure ■source to control a high pressure source. 3y 

varying the geometry and spacing of the nozzle and receiver several 

gain characteristics can be achieved. Useful operation in the range of 

Pç/Pg = 0.15 has been obtained. Output pressure recoveries up to 70% 

of the supply pressure have been achieved with a flowing load. One 

highly useful property of *he 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. 

3.1.3 Reference Methods 

Changes in the regulated pressure can be detected and 

amplified by means oí orifice bridge circuits and either jet-on-jet or 

vortex pressure amplifiers. Although the change in regulated pressure 

is amplified, tlie level of the output is lower than the regulated pressure. 

Use of reference amplification will depend upen whether it is more 

difficult tc obtain gain or pressure ratio in the feedback circuit. 
4 

3.2 CONCLUSIONS 

The following conclusions have been drawn from the results: 

(1) No fixed area orifice having an\ 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 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 p.es- 

sure bottle are required to implement a throttling pressure 
regulator. 

(4) The feedback amplification circuit must be based on con¬ 

fined jet amplifier. No other fluid state component has the 

high pressure recovery and low P^/P^ ratio associated with 

this device. 



3.3 RECOMMENDATIONS 

On the basis of the above conclusions, it is evident that either a 
system based on the dual volume tank or a mechanically variable orifice 
must be recommended for development during Phase II. The dual volume 
tank approach has the advantage of not requiring a moving part and thus 
satisfies the original project goal. The dua1 compartment trnk will re¬ 
quire a greater volume than a single volume tank. The mechanically 
variable area approach will allow the use of a single volume tank and 
may be more efficient with a variable load. 

In view of the fact that the use of a moving part deviates from 
the ideal of the fluid state system, the dual tank approach ie considered 
as the primary recommendation. A schematic of this system is shown 
in Figure 3- 1. 

In this system, the throttling element will be a dual exit vortex 
valve connected in series with a pilot vortex valve to reduce the P /P 

C S 
ratio for shut-off. The feedback amplifier circuit will consist of con¬ 
fined jet amplifiers controlled by vortex valves. Since confined jet 
amplifiers can operate at P_/P_ < .250, three confined jet amplifiers 

should be sufficient to elevate the PR pressure to a level sufficiently 

high to control the supply at pressure PD<_. It is assumed that no 

reference circuit as such will be needed; the regulated pressure will 
serve as a direct input to the feedback amplifier circuit. An adjustable 
orifice located at the outlet of the lowest level vortex valve in the feed¬ 
back circuit will serve as a fine adjustment for the regulated pressure. 
Coarse adjustments in the regulated pressure will require changes in 
the geometry of the confined jet amplifiers. The final system design 
should provide for the con\enient replacement of the confined jet ampli¬ 
fier nozzles and receivers and changing of the spacing. 

The alternate recommendation is that the pressure regulator 
incorporate a mechanical element similar to that described in Section 
2.2.5. The over-all schematic for this approach is shown in Figure 3-2. 
The feedback amplifier circuit will be similar to that used with the dual 
bottle approach. 

A final choice of system for future development is left to the 
Army Missile Command. There are considerations in making a fma.' 
choice which are not completely known to the responsible Bendix tech¬ 
nical personnel. Beth approaches suggested should provide a pressure 
regulation system compatible with the application. 



Figure 3-2 - Schematic of Pre 
ssure Regulator with Mechanical Element 
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NOTE: 

APPENDIX A 

NOTATION FOR SECTIONS 1 THROUGH 3 

Pressures will be in aboolute units (psia) unless otherwise 
specified in text. 

Flow area - in 

Exit hole area of vortex valve A in 

Ad = 
A = 

Exit hole area of vortex valve B, also cross-sectional area 
of button - in^ 

2 Mean effective area of diaphragm - in 

Exit hole area - in^ 
2 

Feedback orifice area - in 
2 

Load orifice area - in 

2 
Effective area of a series of orifices - in 

2 
Confined jet amplifier nozzle area - in 

2 
Supply orifice area - in 

Orifice discharge coefficient - dimensionless 

C^ = Characteristic gas coefficient - V*R/ sec 

D = Diameter - in. 

F^ = Diaphragm spring force - lbs 

= Natural frequency - cps 
y 

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

k = Ratio of specific heats of gas - dimensionless 

K = Spring rate - lbs/in. 

L = Length - in. 
2 

m = Mass - lb-sec /in. 

C. = 

A -1 

'túÈm&ÊivéMáÈÊit , 



If' 

" = Numb« oí orifice. .eritB . dimen,lonle<s 

P = Pressure - psia or psig 

Pß = Bottle pressure - psia or psig 

V “ Con,r:>1 bo“l« pre».jure . P,ia or D.ig 
Pc = Conti-ol pressure . peía or ps,g 

PCSC = Con,rnl Pre88ure for supply flow cutofi . psia or p>lg 

Pd = Pressure downstream of a pneumatic component . psia or psi, 

Pe = Exit pressure - psia or psig 

pF = Feedback pressure - psia or psig 

Pm = Interstage pressure - psia or psig 

PR = Regulated preusure - psia or psig 

ps = Supply pressure - pai or psig 

pu = Pressure upstream o pneumatic component - psia or psig 

Pv = Mean vortex chambe s,ure . p,ia „ ^ 

p°= “c's :u,'d in 

8h Pn " ZT’s'Zfot , 27 °p,iar8t thr°U8h n,h °Hiic'8 ces - psia or psig 

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

R, - Turndown ratio of a valve - dimensionless 

RtA = Turndown ratio of valve A - dimensionless 

RtB = Turnd0wn ratk>°f valve B-dimensionless 

Rto = 0vera11 tdrndown ratio - dimensionless 

T = Absolute temperature of gas at zero velocity - -R 

*0 ~ Tutal operating time - sec 

w = Weight flow of gas - lbs/sec 

wß - Flow from bottle at pressure pB . lb/sec 



- 

w 

w 

w 

BC 
\w 

CA 

CB 
w 

w 
F 
V 

L 
w. 

N 
■*/ 

w. 

w. 

w. 

W 
B 

W 
BC 

VB 

BC 

= Flow from bottle at pressure PD_ - Ibs/sec 
BC 

- Control flow - Ibs/sec 

= Control flow for vortex valve A - Ibs/sec 

= Control flow for vortex valve B - Ibs/sec 

= Vent flow of feedback circuit - Ib/sec 

= Flow through load - Ib/sec 

= Normalizing flow - Ib/sec 

= Outlet flow - Ib/sec 

= Vent flow of reference circuit - Ib/sec 

= Supply flow - Ibr/sec 

= Flow through throttling element - Ibs/sec 

= Weight of gas initially stored at pressure P -lbs 
B 

= Weight of gas initially stored at pressure P - lbs 
, BC 

= Volume of W lbs of gas - îri 
B 6 ‘ , 

= Volume of W^ Us o', gas - jn^ 

= Feedback system efficiency expre ssed as a fraction 
dimensionless 

Subsc ripts 

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 

This appendix provides a summary of an analysis accomplished 
for the purpose of describing vortex valve performance. It has been 
abstracted from "Phenomenology of Vortex Flow and Its Application to 
Signal Amplification" by L. B. Taplin and presented at Pennsylvania 
State University; Summer Engineering Seminars, Fluid Control Systems; 
July 6-16, 1965. 

B.l EXPERIMENTAL OBSERVATIONS OF PANCAKE VORTEX 
CHAMBERS 

If a simple chamber is constructed is shown in the schematic, 
Figure B-l, some simple experiments will easily show the various 
amplifying properties which the vortex flow field possesses. The chamber 
is constructed so that the supplied radial flow component enters the 
chamber as uniformly as possible One method, as shown, for ac¬ 
complishing uniform radial chamber flow utilizes a porous ring pressur¬ 
ized externally _*y the supply pressure, Po. To excite vortex flow, a 
tangential control port is used which introduces a tangential flow component 

OUTLET 
FLOW 

B-l - Simple Vortex Chamber 



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 flew field. The tangential velocity ampli¬ 
fication or gain is of particular importance as it is this gain that ie 
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 *»xit hole and the outer wall 
of the chamber. If such a centrifugal presture 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, PQ, curves of v eight 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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Figure B-3 - Vortex Chamber Characteristic Curves with 
Regulated Control 
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the exii hole - characteristic with a discharge coefficient that varies 

supp y o 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 

m coefficient change is in general correct for most pancake shaped 

flow thrTTZ* t0uFig^re B'3 the locu8 of Poi^s defining the minimum 
flow through the chamber constitute that characteristic flow curve 

o tapeei for control flow alone with supply flow zero. In examining the 

a a in Figure B-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 P„ and 
i-’o exists. c 

Another interesting observation in testing some chambers is that 
multivalued flows can exist for a given supply pressure; i.e., the 

c aracteristic curves exhibit a region of negative resistance. These 

negative resistance curves are indicated by the dashed lines in Figure 

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

when tne vortex chamber thickness is relatively large and the supply 

p enum 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 

igure B-1. A plot of this pressure, Pi 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 

i 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 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 Pj, as demonstrated in Figure B-6, where 

7 a given set quiescent operating pressures, and weight flow - the 
circled peint -- a dashed line constructed horizontally across the graph 



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

Characteristic Curves 



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 
d e e 

W 
N 

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. 

Tha pressure ratio across the vortex flow field i.i the radial 

direction is given by P0/Pi or, for the example in Figure B-6, P0/Pi = 

2.75/1.45. It is interesting to note that when the exit hole is flowing 

sonically, Pi/Pe > 2, the pressure ratio across the chamber, P0/Pe, 

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 Pe 

causes a shift in the operating point, but W]si 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 W0 are all 

constant. With a starting quiescent poin*- at P0/Pe = 8, with the control 

port sized so that Pc/Pe = 10 and W0/Wn = 4, if the back pressure is 

doubled the new operating point will be at Pc/Pe = 5 with P0/Pe at ^ 

and W0/Wjq = 2. Since Wjq ’s doubled if Pe is doubled, W0 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 P0/Pe. 

The no’ malization selected has some interesting characteristics. 

The maximum flow line above a Pq/Pc of 2 is a straight line of unity 

slope; i.e., W0/Wn equals P0/Pe “bove values of 2. 

The constant Pc/Pe lines must intersect with the maximum flow 

line where P0/Pe = Fc/Pe. There is a strong indication that supply 

flow is always cut off for a given Pc/P0 ratio and therefore the line of 



Figure B.7 - Operation of Vortex Valve with Exit Hole Flow Sonic 

minimmn flow (supply flow aero) is a straight line except at low value. 
°î r’o/Pg and has the equation: 

?" = Kt 
e 

W 
c 

W 
N/ 

where Kt 18 the turndown ratio W0 max/Wc. There are some experi¬ 
mental discrepancies and theory does not as yet prove this point; but 

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 deteimine the behavior of the flow through a vortex 
chamber it is first necessary to know the distribution of the tangential 
ve ocity 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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0 
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n = -1 for solid body rotation. 

A plot of these velocity distributions versus chamber radius, r, is 
shown in Figure B-8 It vrrious 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 chc'.xnber 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 + l until the velocity breaks down as indicated by the cla.shed 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. 
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Figure B-8 - Vortex Tangential Velocity Distribution 

The differential pressure developed across a differential radius 
dr is given by: 

dP = 
p V dr 

t 
(B-4) 

where 
L 4 

fluid mass density - lb/sec /in 

tangential velocity at radius r - in/sec 

chamber radius - in. 

differential pressure across dr - psid 
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At this p it some 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 r umber is reached, see 
Figure B-9. 

As noted in Figure B-9, a higher initial outer wall velocity may c tuse 
a higher maximum tangential Mach number occurring at radiut r m- 
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 

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 B 

dP V XX 2 dr -zr = k M — 
P t r 

(B-6) 

(B-7) 

M, = V 

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

where 

P KM 
o to 

P " * 
i 

k = !í^ 
i 

(B-8) 

- 1 (B-9) 

M r 
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ard when r > r or - > 1 
mi Mr. 
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M r 
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- M 
to 

(B- 10) 

It is to be noted that when Mto r0/Mm rj = 1, equations (B-8) and 
(B-10) are equal. At low values of Mt0, the vortex flow behaves as a 
free vortex for all radii between r0 and r^. 
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From conservation of angular momentum, the outer wall velocity 
is given by: 

(B-11) 

where 

(B-12) 

(B- 13) 

The expressions for weight flow as a function of pressures must now be 
developed. It will be recalled that orifice flow is given by: 

yr 1 

where 

fj = ratio of subsonic to sonic flow, see Figure B-10. 

For sonic flow 

(B- 14) 

(B-15) 

An elliptical approximation to the fj function is used in this 
analysis where: 

(B-16) 

(See Figure B-10) 

The maximum flow error occurs near Pd/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 /P. = ?, 
*1 remains unity. U 

The momentum expression Wc MC/WN can be derived as follows: 
For sonic flow with k = 1.4 

W M CAP 
—C-^ = 0.915 dc C c (B-17) 

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

For subsonic flow 

W M /C A P 1 

= °'915 It^f) '3 £ (B-18) 

where f3 is plotted in Figure B-ll. 
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A straight line approximation to this function as shown in Figure B-ll 
describes fj as follows: 

(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: 

(B-2C) 

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

B-15 



I 

used to remember that for Pc/P0 > 2, ionic condition! exists and 
equation (B-17) must be used. Most practical applications of vortex 
devices involve primarily subsonic flow at the control orifice. P is 
outer wall pressure in the vortex chamber which acts as ¿ back pressure 
on the control jet orifict*. 

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

(B-21) 

W p. p 
° _ i , , i 

w ~ í ~ 1 for subsonic flow —— < 2 
N e e 

The exit flow for sonic exit velocity is given by: 

W 

W 

. P- P- ° 1 , i = TT" for sonic flow — > 2 
N P - 

e 
(B-22) 

Recapitulating: 

= € 
1 (M,„> 

(B-23) 

where 

( (Mto) = - 

L 

- 1 
, _ r 

M = Khi for ° ° 
to to M r. 

m i 
< 1 

or 

' (M,o> = f M 2 /2 
m 

XX 2 2 M r. 
m 1 

\ M \ to 
2 2 

r 

M = 
to 

2.1 qC A 
__dc c 

^ A d e 

P P 
c 0 

P " P 
e e 

M 
to 

M r 
, to 0 , 
for 77-^ M r. - ' 

m i 

for subsonic control flow, — > 0.528 (B-24) 

M 
0.915 qC A IP 

de c Í c 
to 

A d e 
~ I for subsonic control flow, < o,528 (B-25) 
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^ ■ y*F 1 subsonic exit flow, ~ < 2 

Pi , Pi 
for some exit flow, -p—> 2 

e e 

(B-26) 

(B-27) 

(P-28) 

(B-29) 

(B-30) 

The maximum tangential Mach number given by equation (B-30) 
remains to be determined by using the experimental data. A » indicated 
it is strongly related to the control pressure ratio used. If the assumed 
velocity profile model is reasonably correct, it can be expected that 
Mjjj should 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 MUl 
so large that the vortex flow is considered to be that of a free cortex, 
The vortex chamber tested had a radius ratio, r0lr^ = 8 and a control 
parameter, 2.1 q C¿c Ac/C¿i Ae = 0.2. The experimental lata 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/WN for maximum flow follows 
exactly the theoretical form. Since the discharge coefficient for the 
control characteristic curves ir unknown, an assumed value of 0.72 was 
used to normalize ihe experimental flow points. The normalizing flow 



Jf'rfC?/» 

is given by equation (B-29). It wa. a.eumed that the momentum mixing 
efficiency was at least 90 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- 
ln8 pc>/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 2ai82’ th* equations always use the parameter q2 multiplied by 
k/2 (r0 /t{ - 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 (Mto) 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 to 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. 

4.5 n TEST 303 - EXPERIMENT AL POINTS 
EXIT HOLE C4 - 0.72 

CONTROL PORT Cd -1.0 

K - 17.2 

— • 5.06 (THEO. 8) 
rl 

2.1ic6e Ae 

-w-’0-2 

“m2 * 0 * . 

— • 3.7k 

0.76 

»»»lit 

Figure B-12 - Theoretical-Experimental Correlation P0/Pe 



As a specific example, where is assumed very large, the 
theoretical characteristic curve for Pc/Pe « 3.72 is shown in Figure 

The dashed portion indicates the solution if no maximu v tan- ■> 
gential velocity is reached. Here then, is theoretical behavior indicating 
the existence of a negative resistance characteristic. The pressure 
ratio P0/Pi is strongly exponentially increasing with Mto2 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, Mjjj must be 
nearly equal to (r0/ri) Mto taken at the point of curve verticality, 
Po/Pe * 2.47. The value of Mm2 determined in this manner was approxi- 
mately 0.6. Since a slight negative resistance is involved a value of 
Mmz = 0.606 gave the best correlation. Usiug the same reduced, 

ro/ri* (r0/ri = 5.06), the other theoretical curves for Pc/P * 2.36 and 
5.08 were constructed. Surprisingly, the fit was good indicating that 
whatever the loss mechanism is that effectively reduces r0/ri, 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 Mj^. 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 

!.0i 
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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)( 
hau caused this empirical relationship between 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, M^^ was in¬ 
creased from 0.36 to 0.4 and the results are plotted in Figure B-12. 
As can be seen, a higher Mjn causes more negative resistance and pro¬ 
duces a better turndown ratio. The higher M^ 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 T0/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: 
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(B-35) 

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

pression. Wnen K Mtoo ^io^^io"^e^ unity, all gains are 
infinite which indicates, of course, that the quie&cent operating point 
is at the point of verticalxty on the characteristic curve. The denomi¬ 
nator can be thought of as a regenerative effect which becomes more 
dominant as Mjy or bias control is increased. 
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~ vortex chamber turndown ratio 

NOMENCLATURE FOR APPENDIX 

A = control jet area - in2 

B 

hole exit area in 

C = gas constant - *R 1/2/sec 

Cd = exit hole discharge coefficient 

^dc ~ control jet discharge coefficient 

K = vortex sensitivity constant 

Mc = control jet Mach number 

Mm “ maxlrnuni tangential velocity Mach number 

~ *an8ential Mach number of flow field 

Mto = °uter wal1 Mach number 

Pc = control jet pressure - psia 

Pri ‘ Prescure downstream of an orifice - psia 

Pe = back pressure on vortex chamber - psia 

Pi = vortex static pressure at radius r. - psia 

PQ - vortex chamber - outer wall pressure - psia 

Pg = supply pressure - psia 

Pu - pressure upstream of an orifice - psia 

R = gas constant - in,-lbf/lbm - #R 



n = 

= control jet velocity entering chamber - in/«ec 

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

tangential velocity of vortex flow field at radius r - in/sec 

outer wall tangential velocity of vortex flow field - in/sec 

= control flow to vortex chamber - Ibm/sec 

= 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 

local acceleration of gravity - in/sec“ 

ratio of gas specific heats 

chamber thickness or length - in 

vortex tangential velocity characteristic exponent 

vortex chamber radius - in 

rQ = vortex chamber outer radius - in. 

r - radius at which M occurs - in 
111 m 

T] = momentum mixing efficiency 

p = fluid density - lbm/in3 

Note: Additional subscript zeros indicate quiescent value of 
variables. 
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APPENDIX C 

BREADBOARD COMPONENTS 

..K The followinS breadboard components have been designed for 
building block" assembly to provide flexibility in the investigation of 

alternative circuit concepts. 

Quantity 

8 

1 

2 

3 

5 

5 

5 

5 

2 

2 

1 

1 

2 

5 

6 

10 

Component Designation 

MB 1-6, Manifold Blocks 

Cover, MB1 

Injector Plate (0.625 Dia.) 

Injector Plate (1.0 Dia.) 

Injector Manifold 

Injector Cover 

Button 

Receiver 

Receiver, long 

Pick-off 

Space (blank) 

Cover 

Plate, nut 

Sleeve 

Orifice, supply 

Housing, needle /alve 

BRLD Drawing No(s). 

2157627; 2157664 
2157626; 2157663 
2157670; 2157672 

2157652 

2157625 

2157624 

2157620 

2157619 

2157621-1,2; 2157687 

2157623-1,2 

2157654-1,2 

2157653-1,2 

2157675 

2157673 

2157721 
4 

2157674 

2157677 

2157622 

The vortex valves are assembled by sandwiching a button, in¬ 
jector manifold, injector plate, injector cover, and receiver between 
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Pigur* C-2 - Control Injoctor Plate

manifold blocks (Figure C>1). These components can be replaced or 
modified individually.

The injector plate design is shown in the close>up Figure C-2. 
When placed between the injector manifold and injector cover and over 
the button, the Injector plate forms the outside wall of the vortex 
chamber. 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 tiie 
vortex chamber in the same direction. Control ports E and F (F is not 
visible in Figure 3) are located on the opposite side of the injector 
plate; they are common and induce swirl in opposition to control ports

0
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A, B, C, and D. By cholea of angular location of tha Injactor plata, tha 
vortax valva may ba aaaambled with two aata of control porta that in- 
duca awlrl In aithar tha name or oppoalta direction». A thin (approxi- 
mataly 0.005 inch) teflon gasket bonded to the injector manifold and 
injactor cover seals the communicating passage between control port* 

The vortex valves may be close coupled for either pilot cascade 
operation or cascade connections with external control. An assembly 
of three vortex valves in Figure C-3 illustrates this capability. 

Components of a confined-jet amplifier are shown in Figure C-4. 
The positions of the body and cover are interchanged in this photograph. 
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APPENDIX D 

FLOW CHARACTERISTICS OF „ ORIFICES IN SERIES 

D.l analytical basis 

the orifices aVe^o^ud 

is at the outlet. The inlet pressure mav h ^ ^ th® “th oriiice 
of the first orifice. F- and so on toP°; ^ ^ Pr— 
crifice, which is denoted P The "P'a" eS8ure oi the downstream 
units so that the pressure , u ^ mea8ured in absolute 
Pn/P0. atl° aCr°88 the OVerall array of orifice, i. 

For the unchoked condition, the flow of an i. 
single orifice is given by: d al gas thfough a 

(k-l)/k 

(D-l) 

orifice must be equal /0^'weichÍ flW6lght flow of 8as through any 

a given orifice we can write Trom ^ °th« orifice. For can write from equation (D-l) where 2 < i ^ 

W: , = C.A /HfiiL 
J-l o j - 1 * H(k - 1 ) yr 

p »(k-l)/k 
j -1 

(D-2) 

n-2 
it -1 

Figure D-I.Orifice aud Pressure Nou,i„„ 
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f or me next orifice: 

I p ^k-D/k 

' -(v J 
Since w. _ l - vr., we can combine equations (D-2) and (D-3) to obtain: 

1/k ! (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 ac-oss 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 tha. 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: 

(D-5) 

(D-6) 

D-2 
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with the restrici ion that 

P 
0.2588 for “ < 0.528 and k = 1.4 

The area of the first orifice is given by: 

[HL 
J R(k - 1 } ff 

OcTTTTk (D-7) 

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

(k - 1 )/k 

(D-8) 
(k - 1 )/k 

D.2 RESULTS 

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

In many of the 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/Aj as Pn/PQ changes. 
For this set of computations n = 5 and Ag/Aj ranged from 0.1 to 10 with 
areas A^, and A/ varying in both arithmetic and geometric progressions. 

The results of the first set of calculations shows that the greatest 
change in the ratio A^/Aj for a given change in Pn/PQ occurs when all 
orifices in the series have the same area. All other calculations were 
performed in this case. 
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Crifical Pressure Ratio for Equal Orific 
Function of the Number of Orifices k = 1 



Since the overall pressure ratio across a string of orifices is ¡ , 
always smaller than the pressure ratio across any individual orifice 
the critical pressure ratio of a series of orifices is less than that of’a 
single orifice. 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* 
and 10 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 nondimensional 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: 

P \(k-l)/k 
n 

(D-9; 

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

Pr«o* 
Ratio 

Number of Orifices 

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. 3É82 
0.3794 
0.3918 
0.4026 
0.4119 
0.4189 
0.4243 

D-5 



o£ AprrVb1'Fluid through a Seri« 
December 1,48 pp! 308^ ^«IMîçhanlc. Vol. 15 „ 


