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FOREWORD

A major goal of this Symposium has been to assemble in one place a
comprehensive volume on the state-of-the-art of fluidics. As reading
of these papers wlll show, we have been highly successful in meeting this
goal and | wish to express my deep appreciation to the authors many of
whom spent a great many hours and put a tremendous amount of effort into
preparing their papers.

! would also like to take this opportunity to thank the HDL staff
of reviewers who helped me to read the papers: R. Deadwyler, T. Drzewieckl,
N. Eisenberg, J. Iseman, $. Katz, and R. Wnods.

In particular | would like to thank Mrs. E. Janifer and Ms D. Perry
for their typing and other secretarial help often way beyond the call of
duty and T. Drzewieckl for help in taking care of many of the detalls
involved in preparing for and organizing this Symposium.

Finally in behalf of the Harry Diamond Laboratories | would like to
express my deep appreciation to the Naval Ordnance Laboratory for the use

of the HOL auditorium and specifically to Mrs. R. S. Kahne for her helpful
cooperation.

Yossph M. Beshss
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JOSEPH M. KIRSHNER
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WELCOME TO THE HDL FLUIDICS STATE-OF-THE-ART SYMPOSIUM
by

B. M. Horton
Technical Director

On 2 March 1960, the Harry Diamond Laboratories disclosed the
concepts of fluid amplification and a wave of interest began that
within a very few years involved individuals and organizations
around the world in efforts to use the devices and in trying to
solve the difficult but intriguing problems associated with them.

This initial period was unfortunately marked by exaggerated predictions
for the growth of fluidics inspired by overenthusiasm and failure to
grasp the enormous technical difficulties involved.

Inevitably this initial enthusiasm died as the technical problems
made themselves obvious. A large factor in this disillusionment was
the attempted application of fluidics for uses that the then available
components could not possibly accomplish.

Fortunately, there were those who carefully sought out applications
which matched the available components, and there were those who con-
tinued to battle the frontiers of knowledge in an effort to improve
the devices and to develop analyses of devices and systems.

Analysis techniques began o gel about 1969-1970, and in quick
succession complete first order theories for the more important fluidic
active components began to appear thereby making it possible to
analytically consider the trade-offs in geometry necessary to obtain
desired characteristics. This was an important milestone in fluidics
and has set the stage for a more rapid growth of the technology.

This decade has also seen advances in development. The devices have
continually been improved and the range of possible applications has been
appreciably increased. Of great significance is the fact that many
systems have now been operating trouble free for several years thereby
verifying early predictions on the reliability of fluidics.

This symposium provides a means of gathering together many of the
individuals who are responsible for the generation and growth of the
technology. It and the proceedings will provide a means for gathering
together information on the current technical status of fluidics.

We hope that by providing this opportunity for all of us to get
together and to learn where the technology now stands, we will have
added an additional stimulus to the growth of fluidics.
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A REVIEW OF VORTEX DIODE AND TRIODE

STATIC AND DYNAMIC DESIGN TECHNIQUES

D. N. Wormley*

Abstract

Vortex diode and triode amplifiers and their operating

characteristics are described. Experimental and analytical studies
of the essential characteristics of vortex chamber flow fields are
briefly reviewed. Data and design techniques developed for the
static design of diodes and triodes are summariz:d, and methods to
estimate the small signal and global dynamic response of diodes
and triodes are reviewed. Finally, studie: describing the appli-
cation of vortex diodes and triode amplifiers in engineering systems
are cited.

*Associate Professor of Mechanical Engineering, Massachusetts Institute
‘ of Technolegy, Cambridge, Massachusetts.
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NOMENCLATURE

>

control port area

1 A: exit port area

E' A supply port area

i BLC boundary layer coefficient defined in (20)
F BLC* modified boundary layer coefficient: (A)e(BLC)
5 Ce control port discharge coefficient

! e exit port discharge coefficient

i g supply port discharge coefficient

] D, diodicity

E e exponential function

: f friction coefficient defined in (20)

[ fl 31de wall friction coefficient

[ f2 end wall friction coefficient

parameter defined in (195)

vortex chamber height

high resistance diode loss coefficient

J:’C’

kL low resistance diode loss coefficient

Kc'Ko’Ku constants defned in (28) and (29)

Kl' K2 constants defined in (30)

N number of exit ports

Pa ambient pressure

P control port pressure 3
Pcc cutof f control port pressure 1
P, pressure at radius T, 4
P° pressure at radius ro

P. supply port pressure i
) average volume flow through chamber | :
QP quiescent power drain ratio ’

r radial position in chamber V
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exit port radius
chamber radius
Reynolds number: uorop/u

maximum flow Reynolds number: H.IZtrou

LaPlace operator

delay time

fill time defined in (27)
lag time

response time

turndown ratio

average flow velocity through a diode

radial velocity in chamber

tangential velocity in chamber

axial velocity in chamber
control flow rate

cutoff control flow rate
maximus flow rate

supply flow rate

total flow rate

increment of a quantity
parameter defined in (13)
circulation: vr

inlet jet recovery factor
fluid viscosity

swirl: v /y
o o
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Pure fluid devices vhich employ confined vortex flows
have been of engineering interest for more than fifty years.
Studies have described effort to develop cyclone separators {1]*,
confined vortex gaseocus reactors (2.,3), Ranque-Hilsch tubes [4,5],
thrust vector coatrollers (6], temperature (7] and flow rate

(8,9) measuring instruments, oscillators [10], angular rate
sensors [11,12], vortex diovdez (13,14]), and vortex triode ampli-
fiers [15,16]. A summary of publicatfons concerning vortex
devices has been compiled by Mayer [17]. 1In this paper discussion
is focused on the vortex diode and the triode amplifier.

The vortex diode is of particular interest, since in
studies [18, 19]) of the comparative performance of common types
of pure fluid diodes, vortex diodes have been shown to have the
highest ratio of forward to reverse flow resistance.

The vortex triode amplifier is of interest because of
the pure fluid devices ronsidered to date, including beam deflec-
tion amplifiers, turbulrace amplifiers and impact modulators
(20,21]), it is the only device which has the ability to modulate
the total output power from a source. It is useful in power-
level types of applications similar to classical open-center
valves and has been employed in a number of hydraulic and gaseous
flow wmodulation applications [20--24].

BASIC DESCRIPTION OF THE VORTEX TRIODE AND DIODE

Triode Geometry and Functional Characteristics

A sketch of a conceptual vortex triode amplifier is
shown in Fig. 1. The amplifier consists of a short cylindrical
chamber (i.e., the chamber height h to chamber radius r_ ratio h/r
is usually less than 1.0) with three types of ports: an outlet
port in the chamber end plates, a supply inlet port through which
radially directed flow enters the chamber and a control inlet port
through which tangentially dirvected flow enters the chamber. While
Fig. \ illustrates only single inlet and outlet ports, in practice
8 number of both supply and control inlet ports or annular port
configurations may be used to obtain a more uniform flow distribu-
tion in the chamber, and ocutlet ports may be used either in one
or in both chamber end walls. The principal types of triode
configurations including single, multiple and annular, button~type

*Numbers in [] refer to references listed in the Bibliography.
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supply port, and both single and multiple control and exit port
geometries are described in [20--32].

In a triode when the tangential control flow is zero,
the primary or supply flow proceeds radially from the supply to the
exit port with negligible pressure drop across the chamber. In
this condition the triode delivers its nominal maximum flow which
is determined principally by the supply and exit port characteristics
and the supply and exit pressures. When control flow is injected
into the chamber, a tangential velocity component is imparted to
the fluid at the outer radius of the chamber. As the fluid flows
towvard the center of the chamber, a vortex is formed between the
inlet and outlet ports in the chamber. The vortex flow field
creates a radial pressure gradient in the chamber which in effect
increases the resistance to flowv and thus decreases tne supply
flow rate. Since a relatively small tangential control flow is
required to modulate the relatively large supply flow, the triode
is essentially a flow amplifier in which total flow (supply plua
control flow) is reduced as the control flow is increased. A
minimum in total flow for fixed supply and exit pressures,
called the cutoff flow, is ohbtained when the supply flow is reduced
to zero and the total flow equals the control flow.

Typically, the static characteristics of a triode are
presented as total exit flow versus control flow or control
pressure, for constant supply and exhaust pressures. In Fig. 2
sketches of triode characteristics are plotted nondimensionally,
where the normalizing flow is the maximum flow W_obtained with
W = 0 and the normalizing pressure is the fixod.supply-exhaust
pscolure difference arross the triode P_ - P . Depending upon
triode geometry and uperating fluid proBcrti'l either a proportional
characteristic in which total flow is a single valued function of
control flow and pressure or a bistable characteristic in which
multiple values of total flow exist for certain ranges of control
pressure or flow may be obtained.

Several figures of merit defined for triodes are
illustrated in Fig. 2, including:

(1) The turndown ratio--a measure of the total flow
modulation capability defined as:

TR = "l/"cc = I/Hcc

vhere W is the control flow required to cutoff
the supﬁiy flow.

v Al e i ol e it g i o e e ks




(2) The cutoff control pressure ratio--a measure of
the maximum control pressure to the supply
pressure defined as:

P = (Pcc _ Pa)
ce (®, -P)
where P is the control pressure corresponding

toW .
cc

(3) The quiescent power drain ratio---a measure of the
quiescent to the maximum power consumption of
triode for operation on an incompressible fluid
which is defined as:*

QP = Pcc/TR = Pcc "cc

In a number of studies these performance indices have
been discussed for a variety of triode geometries operating with
| compressible [24, 25] and incompressible [26--31] fluids. Turndown
! ratio values of TR = 22 for P = 4.0 [27]), of TR = 20 for P__ = 3.0
[26] and of TR = 8 with Pcc =¢9.0 [25] have been reported.

The studies cited have indicated for all the triode
geometries described that operation of a triode over its full
range requires P > 1.0. The requirement that the control
pressure exceed tfe supply pressure is one of the principal
disadvantages of classical vortex triodes. Studies described in
1 [32] and [33) have described triode geometries in which it is
,~ possible to operate the triode over a portion of its characteristic
using a control pressure less than the supply pressure, P < 1.0.
3 In [32] an assymetric single supply and control jet triod§©
i developed for application in large scale water distribution control
1 systems is described for which the total flow can be reduced to
32% of the maximum flow with the control pressure head less than
or equal to the fixed supply pressure head. The triode utilizes
supply, control and exit areas which are nearly comparable and
takes advantage of the effects of the mixed control-supply jet
attachment to the chamber wall.

An axial triode matched to a coanda unit is described
in [33) in which the flow may be reduced to 80% of its maximum value

*In [25] a power index is defined in terass of enthalpy for compressible
flow through triodes.
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with P < 1.0.
cC

For systems in which large values of P > 1.0 are
available, the use of a triode coupled to an ejcctSf which uses
primary flow from the control source to eject flow from the triode
exhaust to form the total inlet control flow to the triode can
improve triode turndown ratio. In [34] a triode with an initial
turndown ratio of 8 was shown to have an effective turndown ratio
of 35 when combined with an ejector since the ejector recycled
the triode outlet flow through the control inlet and reduced the
total flow delivered to load at the triode outlet.

For classical triode designs which employ no external
devices to augment the turndown ratio and are not designed to
exploit Jet attachment effects associated with assymetry, carpet
maps of TR and P are présented in [27), [28) and [29] as a
function of trio&§ geometry so that a maximum quiescent power
drain ratio QP = Pcc/TR may be determined as a function of
geometry.

While the figures of merit cited describe the gross
characteristics of vortex triodes, for a specific application
detailed characteristics are required so that in proportional
applications, the gain and region of linearity and in bistable
devices the switching points may be determined. To completely
describe a triode in addition to the transfer characteristics of
Fig. 2, additional characteristics are required, including the
supply and control port input and output port exit impedance
relationships.

Diode Geometry and Characteristics

The vortex diode is similar to the vortex triode and
consists of a short cylindrical chamber with a tangential inlet
port or ports and an exit port or ports in the chamber end walls.
When flow passes through the diode from the tangential port to
the end wall exit port, a vortex is formed in the chamber and a
high flow resistance is obtained while when the flow is reversed
and enters through the port in the chamber end wall and passes through
the chamber to exit through the tangential port no vortex is formed
and a relatively low flow resistance path is formed. A typical
diode configuration is sketched in Fig. 3 with forward and reverse
flow characteristi s presented from the data in [18].

A figure of merit for the diode is defined in terms

of the ratio of the flow resistance coefficients in the low kL
and high kb resistance flow directions. The diodicity D, is:

1
Dy = ky/ky,

il e T i
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where k 18 flow resistanc. loss coefficient defined as:

K = 24P/ pi2

with AP the pressure drop across the diode, u the average flow ;
velocity and P the fluid density. 1

Values of D, have been reported for the vortex diodes 3
tested by Paul {18] ranging from 5 to 43. Heim [13] and Zobel [14] ;
have also described geometries which yield values of D, in excess of 1
40. In comparative studies of vortex, scroll, nozzle and diffuser ;
diodes Paul [18] and Baker [19] have reported achieving higher
values of diodicity with vortex diodes than with the other diodes
tested.

VORTEX CHAMBER FLOW FIELD

The Chamber Regions ‘..)

To provide a basis for understanding the performance
characteristics of bot! vortex triodes and diodes, some knowledge
of the physical phenomena occurring in the vortex chamber is
required. A number of experimental and analytical studies
[35--46] of confined vortex flow fields have been conducted.
These studies have considered the following three flow regions in
a vortex chamber:

e

(1) an inlet flow mixing region {U.)
(2) a main chamber region

(3) an exit region

First, inviscid models of the three regions are discussed,

and then the influence of viscous effects in the three regions are
described.

An Inviscid Model

A model for a vortex triode or for the high resistance
flow path in a diode can be formulated in a simple form for each
region if incompressible, inviscid flow 18 considered.

i )




Inlet Region

In the inlet mixing region the supply W and control W
flows are assumed to be described by quadratic or!ficc rclntionnﬁipa

v c.A.{ 2p(p, - P ) (1)

- -
"c ccAc\I‘ 2 D(Pc Po) (2)
where: £
;
A, = supply port area :

Ac = tangential control port area

c'(cc) = supply (contirol) area dis harge coefficient

P = pressure at radius L the edge of the inlet '
mixing region

If the supply and control flows mix completely in an inlet
mixing region which is concentrated in a thin annulus at the outer
radius of the chamber, then at radius r_, the radial velocity u

]
may be computed from mass conservation as: L j
LA l 1
= —— { A
Y 2nr_hp (3) | ;
o E
vhere the total flow "o is:
LA A A (4)
By conservation of angular momentum, the tangential
velocity v: under lossless mixing conditions at radius L is:
v 2
e = (5) g
vo pc AW 1
cco

Main chamber region

In the main chamber region, if the fluid is assumed to be
uniformly distributed axially, inviscid, incompressible and steady, the

A e b o B e b s et " vt i




flow field consists of the super-position of a radial sink flow and a ( .) l
potential vortex.® By continuity the radial velocity at the exit
radius r, is then

(6)

and the tangential velocity at r noting that for a potential vortex
the circulation I' = vr at any radius r is equal t»> Vo T, BaY be 5
derived as:

| The pressure drop across the chamber may be computed from

+ 0
i (7)

f' the radial momentum equation as [43, 44): f
' )
Po ro v2 ro du
P - P = j @ = o —r—-dr—ju Rar (8
P r 4
e e e
where when (6) and (7) are used:
1 2 2 2 2 - )
P, - P =50l + ve) - (T +v D] 9 i ) ]

Exit Region

it

If the flow through the exit orifice is assumed to be
related to the pressure at r and the ambient pressure P by a quadratic
relationship, then U the tofal flow is:

T T—

W =cA V20(P - P ) (10)
[o] e e e a

s i T e

*This analysis assumes that the flow is uniform at any angular position

in the charmber and assymetric effects due to inlet jet attachment < ’
are neglec:ed.

e e e i, i
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vwhere:
Ae = total exit area
ce = exit area discharge coefficient
The triode relationship_betveen nondimensional total

flowW = W /W and control flow W = W /W_ may be derived by
combinfng (2) ¥o (10) to yteld: n

4
2 2 2 = 2,2
ﬁz.l_Yzc_e_AL (rL-l)E__:?_A_L(ﬁi-iz)
o 2, 2 ‘r.2 = 2,2 oc ¢
c A e w c_ A
c ¢ o s s

where the maximum flow H. is:

W =YcA V2pP_- P
n ee s a

with:
Y= L
32 A‘2 c.2A.2 rez
1+ + (1 - —=)
c 2 A 2 Mrzr 2h2 roz
[ ] 8 e

The dimensionless triode characteristic of (11) is a
function of inlet and outlet area discharge coefficients and four
geometric ratios:

(a) A./A‘: supply to exit area ratio

(b) h/re: chamber height to exit radius ratio

(c) Ac/Ae: control tu exit area ratio

(d) relroz the radius ratio

To achieve a uaximum flov rate through the trinde for a
given supply pressure at W = 0 and, in turn, a maximum TR and
minimya P, both A /A anf h/r_should be made large as shown in

(12) and %§3). 1£ R /% > 4.0 §nd h/r > 2.0 N where N is the
aumber of outlets, tRe Saximum flow 1s®within 94% of its theoretical

11
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maximum value, and the exit orifice becomes the primary restriction
to flow through the triode for W = 0. If the conditions on A'/Ae
and h/re are met, the characterifitic 1is simply:

4 ———
, : 4
- o M
Ho = 0,707 1 /1 - % (14)
vhere . ?
e r E
L_C.(e) c
G -:Zce Yo A (15)
] ' r—————-z
| | [e
R
[} i /
\ ]

The inviscid triode characteristic is {llustrated in ]

Fig. 4 for two values of G. As Gor A /A and r /r 1increase, the ]
amount of control flow required at each psint on®th characteristic
4 is increased. Thus, the inviscid characteristic indicates that
A /A and r /r should be minimized to reduce control flow require-

nt§. Fig? 4®also shows the 1inviscid triode characteristic is
multivalued for all values of W . A triode with such a character-
istic would tend to oscillate b&tween the two values of total 7low
which exist for a given value of contro] flow. In real triodes the
effects of viscous losses in the inlet mixing region and main ) | 4
chamber modify the characteristics. As these losses increare, a (_ ) F
1 triode characteristic passes from a multivalued characteristic to i
i a more proportional characteristic, and generally both the cutoff
control flow ratio and pressure ratio increase.

The ideal analysis may be used to estimate the high resis-
tance flow direction loss coefficient of a diode. By combining (1)--
(10) for the condition A_ = 0 and h/r_ > 2, the following relationship
may be derived. B e

3 Pc = Pa r°2 ceAe 2 ]
| A S 14+ - D D (16)
F w 21ee a0 el e

P—

w
3
gy
ki
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If the discharge coefficients for flow back through the
diode are represented as ¢ , and ¢ ., for the exit and control areas,
then the low resistance di!iction iSuu coefficient may be written as:

2
P - P e A
S 3 =1+ (;!4;’—) aan
W 2120 (e gh )0) cdhe

if the exit and control restrictions are the only significant resistances

to flow. Thus, the ideal analysis indicates the diodicity is for

¢ =c .t

e ed

ro2 c A 2

1+ % -1 &)
r cd ¢

e
2
c
1@ (i!l:l}
Cedte

(18)

Equation (18) indicates that by increasing rolr the diodicity
may be increased. While (18) provides an indication of th8 effects of
geometry on D,, it is noted in [18] that values of D1 predicted by an
inviscid annl}nio may be greater than four times the experimental value:
obtained because of viscous losses in the diode flow chamber for flow
in the high resistance direction.

Viscous Model

To describe more accurately the characteristics of the
vortex flow in triodes and diodes, viscous effects must be considered
for each chamber region.

Inlet region

In the inlet region, if the flow is considered incompressible,
then the supply H. and control Hc flovs entering the region may be
computed as given in (1) and (2), and 1if the flow is considered to be
completely mixed and uniform, the radial velocity at the outer chamber
radius r may be determined directly from continuity as given by (3)
and the Potal flow W by (4). Conservation of angular momentum
requires that the angular momentum leaving the mixing region, Wv r ,
equal that entering the region W (W /pA ¢ )r_ minus the angular® ° °
moment due to shear at the outer‘wafl Zirchto. vhere 1_ is the outer
wall shear. By balancing the angular nondntla and ohcgr. the angular
velocity at the outer wall may be written as:

13
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g —E D a
v, € pccA W E vV (19)

where ¢ is the jet recovery factor [4;, 45) which incorporates the
shear losses at the outer wall and v is the ideal tangential
velocity in (5); thus, if € = 1,0, nd lo:ses occur, and the ideal
angular velocity is achieved, while as increasing shear losses
occur the value of € decreases.

Measurements [45] have indicated that even for chambers
with only tangential jets, such as occur in diodes, the loss of
momentum at the outer wall can be substantial with ¢ approaching
0.5 for large values of the swirl parameter A = v /u . Theoretical
values of € have been derived [44], assuming the Braldtl shear law
used for turbulent flow over a flat plate in which the shear is
a function of tangential velocity squared, a friction factor f_,
and a tangential Reynolds number to the 1/4 power. Theoretica}
data from [44] is presented in Fig. 5 for a given friction factor
fl.*which indicates € is a strong function of ideal swirl

(& *v "/u and a weak function of Reynolds number R_ = u r p/u. For
A =0, he gecovery factor € ~1.0 and the ideal case is acRifved.

As )\ increases, and approaches 250, € approaches 0.8 and for

larger swirl A" = 700, the recovery factor € decreases to less than
0.7. As the strength of the vortex increases, the angular momentum
loss increases.

Main chamber region

In the main chamber region the pressure drop generated by
the vortex flow may be computed using (8). To determine the
pressure drop P - P , the tangential and radial velocity distribu-
tions in the chfmber®are required. For the inviscid flow case,
these distributions were shown to be the super-position of a sink
and potential vortex. When viscous effects are considered, it has
been shown both experimentally [26, 38] and analyticallv [35, 36,
37, 39, 40, 43 and 44] that the velocity distributions in a short
vortex chamber are strongly influenced by the end wall shear.

Fig. 6 illustrates conceptually the angular and radial velocity
profiles occurring in a chamber for several values of swirl A,
These profiles have been drawn using the experimentally measured
profiles in [26, 38) as a guide. At very low values of A, flow
proceeds from the outer periphery of the chamber to the inlet with {
radial flow existing at all axial points in the chamber. In this

condition, the flow conditions are similar to the super-position (::)

of a sink and a potential vortex. At higher values of A, as the




flow proceeds from the outer periphery, an increasing fraction of
the flow is drawvn into the end wall boundary layers. While near
the chamber midplane, the inward pressure gradient force due to
fluid tangential velocity is nearly balanced by the centrifugal
force due to fluid velocity, in the end wall boundary layers

the fluid tangential velocity is reduced by the shear stress

and approaches zero; thus in the boundary layer the centrifugal
force is reduced by the shear, while the pressure force persists
resulting in an acceleration of the radial flow in the boundary
layer. As shown in Pig. 6 at high values of A all the radial
flow through the chamber may occur in the end wall boundary
layers, and the midplane ¢adial velocity may be reduced to

zero or even become negative [38], When all the radial flow is
drawn into the chamber end wall boundary layers, a potential
vortex can no longer be supported in the chamber, and at the
midplane, the circulation distribution decreases due to the
strong end wall shear. Studies in [35, 36, 37, 43 and 45] have
analyzed the circulation decay in a chamber due to end wall
shear. In [43] the circulation distribution in a short chamber
with incompressible flow is derived using a Prandtl shear law
for the end walls and tangential and radial velocity profiles
similar to those illustrated in Fig. 6. The ciruclation distri-
bution derived in [43]) is summarized in Fig. 7. The distribution
is a function of only two parameters--the swirl A and the
modified boundary layer coefficient BLC* = BLCA where the
boundary layer coefficient BLC 1is:

2r |

o
BLC h (20)

where

ouoh 1/4
f= le(—z'u—)

For small values of BLC* < (.25, the circulation distribu-
tion is constant and a potential vo~tex is formed. As BLC* increases, ]
Jdue to increased swirl A, r /h, or friction factor f,_, the circulation ‘
distribution decays and a pgtential vortex is obtaingd only over a
portion of the chamber. For BLC* > 2.5 ersentially the entire chamber
is influenced strongly by the shear and only over a small region near ]
the outer edge is the circulation cqgnitant. Since the pressure drop i
across a chamber is a function of v°/r, a decrease in tangential

pe— -
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)
velocity at small radii from that given by the potential vortex (“'

[avy = Fo decreases the pressure drop across the chamber 1
aigni?i%antly from that predicted by an inviscid analysis.

POy

The data in Fig. 7 indicates that the circulation
distribution I' i{s principally a function of BLC* and only
] weakly depends independently upon A. Thus the circulation and,
: in turn, the pressure distributions are principally a function
of BLC* which may be written in terms of triode quantities as:

2 ~ 2
A 4nf2 €Er W
BLC* = 2f — = = e ¢ - (21) ;
rO uo __2_ Y'n 1/4 i
i ccAcuowo (2.5 R")

In terms of triode parameters BLC* depends strongly
4 upon nondimensional total W and control W flows, chamber
radius r , control port ared A s inlet jet"recovery factor ¢ (- )
and the 8nd wall friction coefficient f + it depends weakly
upon the maximum flow Reynolds number agd is independent of
b chamber height. At a point on a vortex triode near the maximum

flow condition W =~ 0, W = 1.0, BLC* is small, {.e., BLC* < 0.25,

{ and the flow is fiearly ifiviscid; thus, near the maximum flow
conditions vortex triode cahracteristics are similar to the i
ideal characteristics as illustrated in Fig. 4. At a point near ;
cutoff in a triode, W =W = 0.05 - 0.3, or in the high flow
resistance condition Sf a §iode BLC* tends to he large, i.e., 3
BLC* approaches 1.0, and the influence of viscous effects are of i
major importance. As the chamber radius ratio r_ increases or (..} 3
the conti.ol area A decreases, viscous effects b&come more
] important at correﬁponding larger values of total flow. Thus
near cutoff viscous effects require more control flow to reduce
the total flow to given value, and triode characteristics are ?
modified significantly as shown in Fig. 4.

Using an analysis similar to that in [39, 43] or the i
analysis in [44], the radial and tangential velocity distribution |
resulting from the effects of end wall shear in the chamber may

be determined, and, in turn, the pressure distribution computed
directly from (8).

——y— == P

The exit region

Studies of the exit region in vortex chambers have heen
conducted in [39, 44]. Because the flow in the outlet may have =
3 substantial angular velocity, the axial velocity and pressure may ( )
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vary as a function of radius. As shown schematically in PFig. 8,
at low tangential velocities the axial velocity w is nearly
uniform, wvhile at high tangential velocities, v may reach negative 9
values at the centerline, and the flow may be drawvn into the 1
chamber through the outlet along the centerline.

The totsl exit flow may be determined from the axial
velocity w distribution in the exit region as:

e
W, = f v rdr (22)
o

In [39, 44, and 46) methods for computing the axial
velocity distribution in the exit are presented which include ]
the effects of the tangential and radial velocities existing y
at the exit radius r, on the axial velocity distribution.

Complete viscous models

Theoretical models which include the effects of the
cylindrical wall shear in the inlet mixing region, the end wall
shear on the tangential and radial velocities in the main chamber y
region and the influence of the axial velocity distribution in the 1
exit region on the total flow described above have been formulated
by Bichara and Orner [44]), Lewellen, Burns and Strickland [39) and
Bauer [36]. While these analyses require estimates of the side
and end wall friction coefficients and are restricted to symmetrical
inlet geometries with parallel top and bottom plates, they have
provided a good basis for understanding the primary effects of
geometry and fluid properties on triode characteristics.

INFLUENCE OF GEOMETRY ON VORTEX TRIODE STATIC CHARACTERISTICS :

The results of analvtical (39, 44 and 46) and experimental
(17, 25--31, 47--49] studies which describe the influence of
geometry on triode and diode characteristics are summarized
below for incompressible flow through amplifiers with parallel
top and bottom plates. Data illustrating the influence of Reynolds
number, supply to exit area ratio A /A , control to exit area ratio
A /A chamber radius ratio r /r and cRamber height to radius ratio
h?r Care presented. These giongtric quantities are the principal
gco‘etric factors influencing triode performance identified in
both the ideal and viscous analytical studiea.

b b Gl e s il ittt st diotmienisl S
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Reynolds Number: lv

Analytical studies {39, 43 and 44) have indicated that
triode characteristics are relatively insensitive to Reynolds
nusber for sufficiently large values of R , since both the
side and end vall shear laws are function¥ of Reynolds numbers
to the one fourth power. Data in [28) has shown triode
characteristics to be relatively insensitive to Reynolds number
R =W /2nr u for R > 750 ¢or te.sts made up to R < 3300.

1n‘¢nsi?1v1ty of triode characteristics over ¥ wide range of
R greater than 750, indicates that once a characteristic for
-'lpcctfic geometry is obtained for a given supply pressure,
it may be scaled to yield characteristics at other supply
pressures. The al: lity to scale characteristics greatly
facilitates the design of systems utilizing vortex triodes [30].
However, for lower values of Reynolds number data in (28, 31 and
50) show that triode characteristics may be quite sensitive to
Reynolds number. As pointed out in [31, 50) for triodes operated
on hydraulic oil, the Reynolds number sensitivity may be of
particular significance in hydraulic circuit applications.

Supply to Exit Area Ratio: A./Ae

The supply area A_ has a negligible effect on amplifier
characteristics if A /A > 3.0 (30]). The supply port is effectively
a series resistance Betfieen the supply pressure source and the
chamber as described in [17]. At the cutoff point it has no
effect on the flow and the pressure at r_ must reach P_. At
maximum flow, as A is decreased to valués less than A%/A = 3.0,

TR decreases and P~ increases; thus for triodes with fax
turndown ratios, vifues of A.'/A° > 3.0 are desired.

Control Area to Exit Ratio: Aclde v

References (17, 27--30, 44 and 47--49) indicate that as
the control port area is decreased, the control flow required
to reduce the total flow to given level decreases vhile the control
pressure increases. Thus, as A /A 1is decreased, both TR and P
increase. As A 1s decreased fSr § given control flow, the tanﬁgntial
control jet vel&city is increased as shown in (19), and thus a
stronger vortex is created for a given control flow.*

#®As discussed below and shown in Fig. 6 for A /A < 0.1, values of TR
may become relatively insensitive to A_ or dfcréase slightly as A

decreases due to inlet mixing region losses. =
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Exit Area Ratio: r /r
e o

As shown analytically [44] and experimentally [29], the
vortex chamber radius ratio r /r d1s the parameter which most strongly
influerces the shape of the t#108e characteristic and determines
strongly vhether a proporcional or bistable characteristic is ob-
tained. Data from [29) is presented in Fig. 9. As r /r_ 1is in-
creased, the value of the nondimensional control flow {3 gny
nondimensioaal total flow is increased, and the turndown ratio !
increases. The characteristic for r /r = 0.089 is proportional 3
vhile the characteristics for r /r S 0712 are bistable. As I 1
r /r_ increases, viscous dissip§ti8n is reduced, and the charac- _
t8ri8tics become more nearly bistable. E

Chamber Aspect Ratio: h/ro

The analysis in [43, 44] has shown for aspect ratios
h/r_ varying from 0.2 to 0.8 that triode characteristics are
rclgtively insensitive to aspect ratio. Data in [30] shows for
0.14 < h/r_ < 0.64 that experimental characteristics are relatively
indepcnden? of chamber height. The range over which a triode
characieristic is chamber height independent is limited by h/r
or equivalently r /r . o1 h is so small that the curtain area
2nthr  1s less tha® Nfir ., where N is the number of exits, the triode
charfcteristic will dcﬁcnd more strongly on h since the chamber !
height will set the exit area. Data [31]) for smaller values of 1
h/r_ 1in which the curtain areca is the controlling exit area indi- 4
cat®s that TR increases as h/r 1increases until TR becomes relatively 9
insensitive to hlre over a ran!e of values of h/re.

Turndown Ratio and Cutoff Control Pressure Design Charts

The data described above has demonstrated that for

{
| AJA >3 (23) .
f h/re > 2 (24) A
; 0.14 < h/r_ < 0.64 (25) !
E 750 < R, < 3300 (26) 1

triode characteristics are relatively insensitive to A.. h, and Rv
and thus become a function of only
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Ac/Ae and re/to

Lawley and Price [29] have conducted experiments which
extend the data in [27, 28] summarizing the influence of A_/A
and r./r on triode turndown ratio and cutoff control prelﬁurs
rativfof single exit amplifiers satisfying (23) -- (26). The
data presented in [29] is for an unsymmetrical single supply and
control jinlet geometry, while the data in [27, 28] are for
multi-input port symmetric geometries. A summary of data from
[29]) is presented in Fig. 10. Lawley and Price indicate that
for unsymmetrical configurations, the values of TR and P c
may yield errors on the order of 20% when compared with fymmetric
geometries; however, the estimates obtained may yield a good
first approximation for triode design.

The Figure shows that as r /r_ 1is decreased for a
given A /A both W__ and P__ increas§. °It also shows that as
A /A 1§ d8creased®for £fix€§ r /r , P _ increases and TR first
ificr8ases and then decreases. SAt®smafi enough values of
A /A, as A decreases, TR decreazes somewhat since the decrease
i jSt recoSery factor essentially counteracts any gain in
tangential velocity.

The plot also indicates that as A /A and r /r_ are
decreased, the characteristic tends to be pfopSrticnaf, fhile
as A /A and r /r 1increase, a more nearly bistable characteristic
is oftatned. £s 8hown by (19) and (21) as A and r_ are decreased
both the viscous losses on the side and end Walls ificrease and the
characteristics tend to be proportional, while as 4 /A and
r /r increase, a more nearly bistable characteristfc $# obtatned.
Ifi [28] a systematic method for triode design if developed based
on Fig. 10. This method has been implemented in a computer
assisted design program described in [50].

Studies of Profiled Chambers and Alternate Exit Configurations

A number of variations in triode geometry have been
employed in addition to the geometries described above. Syred and
Royal [26] and Bell [51] have employed taper of the internal
chamber end walls in triodes. They found that tapering the
chamber with an increasing depth as flow moves to the exit
increas:s the linearity of the triode characteristics and the
turndown ratio., Syred and Royal [26] also show that outlet
diffuser angles may significantly influence amplifier character-
istics.
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Mayer [17) and Taplin {52] have also conducted extensive
studies of vortex triodes and have shown the effectiveness of using
a vented outlet geometry employing a receiver tube to decouple the
load from the chamber. Because a very low pressure may be
established in a vortex core, it is possible to aspirate flow
from the outlet tube into the vortex chamber; thus, the outlet tube
may provide both positive and negative flows and pressures
(relatively to atmospheric pressure). Additfional work on the
influence of receiver tube geometry on triode performance is
discussed by McCloy and Stevenson [31].

Otsap [49]) has also employed a vented amplifier configura-
tion which is suitable for driving a ram-type load.

Work cited in [31, 39, 44 ard 48] has shown that using
two exit ports, one in each end wall, increases the triode turn-
down ratio and increases the tendaacy for a bistable characteristic :
in comparison to an otherwise similar single exit triode. j 1

INFLUENCE OF GEOMETRY ON DIODE CHARACTERISTICS ]

The infleunces of geometry on diode characteristics has 1
been discussed in [13, 14, 18, 19 and 53]. Paul [i18] has found j :
for a fixed chamber radius diode that the diodicity increases as .
A /A 1increases for 0.23 < A /A < 2, while Koerper [48] found 2
thiat®a two exit hold géometr§ 18 superior to a single exit geometry.

The observation of Heim [13] that projpcting the exit port pipe 3
into the chamber so that the edge is at the chamber midplane 1
increases diodicity has been confirmed by Baker [19]. It is

also noted that triode turndown ratio resulis presented in Fig. 10
provide an initial method of estimating the influence of gecwetry
on the resistance of diodes in the high flow resistance direction,
thus as A /A and r /r_ are reduced the flow resistance in the
high flow‘reSistanc® dfrection increases.

TRIODE AND DIODE DYNAMIC CHARACTERISTICS

In [24, 54)] Taplin has developed dynamic lumped parameter
models to represent vortex triode dynamic behavior. 1In [24] a
functional representation of the response, supported by experimental
data, 1s described which indicates the small signal linear response
of a triode may be characterized by a time delay T, and a first
order lag time constant TL with the delay time equgl to TD = 0.25 Tf
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and the lag time equal to TL = 0.25 Tf where Tf is the vortex
chamber f1ll time.

2
ﬂh(to - re )

R (27)

where § 1s the average volume flow rate through the triode.

Anderson [55]} has developed a dynamic lumped parameter
model similar to Taplin for small signal response of a triode, but
in which model parameters are rrlated directly to the flow field
in the triode. This lumped parameter representation is summarized
in Fig. 11 and includes the following parameters.

(1) The linearized control, supply and exit port
resistances, Rc' R', R

(2) An inlet mixing region described by linearization
of the continuity (3) and angular moment equatiors (19):

Au = K AW (28)
(+] u (o]
Av =K AW -K W (29)
(o] [ [ [o] 0

with

1
u 2nr hp
o

2eW
[o]
c c A pW
ccC 00

eW 2
co
o 2
ccAcw oo®

where wco and woo represent operating point flows.

(3) A main chamber region in which two effects are

represented: ﬂ
(a) the time delay associated with the .
fluid transport 1

}
(b) the viscous action between the end wall t
boundary layers and the main core.
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These effects are represented as:

Kl .-Tno
A(Po - pt) = T s bv, + K, Auo
where:

P
K= 7

1 aVo o
) 4
KZ du

olo

the quantities K, and K, are steady-state gains calculated from
the distributed hruetir response, s is the LaPlace operator and
e is exponential. The rime constants T, and T are determined by
fitting (30) to the distributed paruetgt telpbnn developed in
[55). T,  and T, have been shown to be a function of the boundary
layer coRfficiekt BLC, the swirl A and the chamber height ratio
h/r_ as shown in Fig. 12. The Figure indicates that as A
incPeases for fixed geometry and fixed BLC, T /‘l‘f. the deleay time
to £i11 time ratio decreases from about 0.3 tg 0.1. The ratio is
relatively insensitive to h/r indicating the dimensional delay time
T_. is almost proportional to 2hamber volume. The decrease in
TD/T as ) increases indicates that as the vortex strength in the
cR-SQr increases and more fluid is in the boundary layer, the
delay time decreases in proportion to the fill time.

The lag time to fill time ratio T, /T, is influenced by
h/r . As h/r_increases T, /T, increases 1nb1cit1ng the lag time
incPeases fasfer than the %ha&ber height. As the swirl increases
and a stronger vortex is formed, T /'rf increases since the boundary
layers play an increasingly inportint role. The range of TL/'I‘f
lies between 0.2 and 0.6 in the Figure.

Experimental data presented in [55) indicates that for
low swirl conditions, i.e. for a triode operating near maximum
flow, using®

TD/Tf = TL/Tf = 0.25 (31)

*These are the values recommended by Taplin [24].

PRIEDFIUL-IF FRERY- SCR-L AW BT AP S AR S

P TR AL IO

P (g A .

PRTTIR P SN P T0 T R L L U SR




- e T T T T o T——

provides an approximate estimate for the triode response. As a triode
operating point is changed and operation near cutoff is considered,
the time constant values approach:

TD/TF + 0.1 (32)
TL/Tf hd 0- 5--00 6

Using the approximations of (31)--<(32), a rough estimate
of the vange of response times occurring in a triode for small
signal response may be obtained.

Experimental data for vortex triode response is presented
in [24, 54) with direct comparisons of analysis and data presented
in [55]. This data essentially verifies the delay-lag character
of the response described.

The dynamic analysis presented in [24, 55]) have been for
small signal disturbances. Some data for estimating the response
from full on to off has been described by Neve [56]. Data in [56]
indicates for triodes with 0.1 < h/r < 2 that the on-to-off
and of f-to-on response times are simflar and that the large scale

switching response time may be represented approximately for
0.1 < h/ro < 2 as:

- 1.32
Tr i ro]
'r—f - °“’71.T (34)

where Tr is the response time.

For triodes, analytical and experimental response data
indicate that as the chamber volume is increased and as the average
flow through the triode decreases, the response time for both
small perturbation and large signals increases. Thus, to minimize
the triode response time, the chamber height should be reduced to
the ninimum height permitted by static considerations.

Dynamic response data for vortex diodes is presented in
[53]. Neve [56]) has shown that the results in [53] correlate well
with equatinon (34).

VORTEX DIODE AND TRICODE APPLICATIONS

Because among various types of pure fluid diodes, the vortex
diode has been shown to have the highest ratio of forward to reverse
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flow resistance, it has a strong potential for application in systems
requiring nu moving part diodes. Application of the diode in
classical rectification circuits is discussed in [57) while further
discussion of diode applications is contained in [13, 14, 18, 19

and 20]. The use of a vortex triode which is configured to act

a8 a high gain active diode is discussed in [58].

The ability of the vortex triode to modulate the total
flow from & load makes it attractive for applications requiring no
moving part open center valves. The triode may be used in
applications similar to classical open centered valves as described
in [20, 30 and 57) and may directly replace classical two- and four-way
valves in some applications. Hydraulic and pnewmatic servovalves
have been constructed using vortex triodes as described in [20, 23]
while additional hydraulic system applications are described in
(31, 50].

Studies describing the application of triodes to specific
flow modulation and signal processing systems include [24] for
aircraft flight control systems, [6, 24) for thrust vector control
systems, [59] for aircraft fuel control and air conditioning systems
and [52] for dynamic signal processing circuits. The use of triodes
in constructing a digital to analog convector is described in [60]
and as an adjustable pressure regulator in [61].

Discussion of the application of triodes to the control
and metering of flows in large scale water distribution systems
and river basins is summarized in {32, 62].

The construction of a direct electric to fluid transducer
using a triode operating upon liquid and an electromagnetic field
is described in [63].
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VORTEX DIODES

Abstract

The two elements of the vortex dlode rectification ratio,
the pressure drop in the "backward" or vortex path, and
the "forward" path are separately studied. The effective-
ness of the vortex as a means of generating pressure drop,
is expressed as the ratio of vortex pressure drop to the ]

inlet nozzle velocity head. This, in turn, 1s a function ‘
of the nondimensional vortex radius and "n", the vortex
n
r
exponent in the expression V = Vi(?% . Maximum vortex
" vortex) was obtained ;

n (where n = 1.0 only for a "free
by increasing the axial length-to-vortex diameter ratio
to 0.35 or above. These results are consistent with other

observations. The forward-flow pressure drop was minimized 1
and the iiode effectiveness or "diodicity" thereby improved, é
by means of avolding both cavitation at the tangential noz-

zle and by minimizing drastic changes in fluid velocity. \
Design and development procedures are presented.




SYMBOLS

A - Area M - Mass
a - Area N - Nozzle width
: g C - A constant n - General vortex
s . exponent
| Cv - Pressure drop coefficient
! for a vortex P - Pressure i
: E - Diode effectiveness, p - pressure
! ' Rectification effec-
3 1 tiveness, KI/KF Q - Dynamic pressure H
D - Vortex diameter R - Ratio of inlet to
- E outlet radil
] : Do - Orifice dlameter
. r - radius ‘
3 =
1 ’ f - Friction factor s - Distance
3 F - Force v - Velocity
G - Flow rate vV - Velocity
Gp - Flow gain W - Flow rate
F : ‘ K - Pressure drop coefficient p - Density
| :
4 L - Axial length w - Rotational veloclty

Subscripts

i F - Forward flow N - Nozzle
5 I - Inverse flow o - Central orifice
: i - Inlet 0 - Central orifice

V - Vortex

|
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E VORTEX DIODES \

S. S. Fineblum

Bell Laboratories
Whippany, New Jersey 07981

INTRODUCTION

Beandbted bute b daddal ol st dt ot L2l aeaalat gl e 2

Fluid diodes were among the first fluidic devices. Various ;
fluid diode inventions by Tesla [1], Kantrowitz [2], 1
Wislicenus [3] (a vortex diode) and Putnam [4], as well as b
others, have been described previously. E

P. J. Baker [5] presented a survey of early fluidic diodes
and reported his own experimental work on the vortex and |
other diodes.

Basically, the fluidic diode 1is useful in lileu of the

ordinary check-valve when special conditions exist. First,

absolute shut-off in the inverse direction must not be a

requirement because such diodes are inherently very leaky :
E as check-valves. Secondly, elimination of the mechanical ]

parts of the conventional check-valve may be required in a 3
violent environment. In general, the fluid diode fills the
need for a highly reliable, low-cost valve.

nemad dhdiadesrc ol b b e bt e Sl s
2

1 The fluid diodes has been limited, as Scudder [6] has noted, 1
~ to applications where low values of the ratio of backward to 1
forward resistance, or "dlodicity" (approximately 5 achleved

at Harry Diamond Laboratories by 1965) is satisfactory. A

very simple two-way restrictor vortex diode for a heat pump i
(Figure 1), requiring a resistance ratio of only 1.90, was 1
1 demonstrated in 1964 [7].

The purpose of the present work 1s to report a rational
approach to inviscid primarily incompressible) vortex diode
} design.

INDEX OF EFFECTIVENESS #

The vortex diode 1s effective because a pressure drop is
developed by the centrifugal force of rotating fluid (note 3
- left-hand sectional view in Figure 1). This pressure drop ;
g is much greater than that generated by the flow through the F
central orifice, radially toward, and out through the
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tangential nozzle. Therefore, the tangential inlet acts as
the cathode, and the central orifice acts as the ancde in
obvious analogy to electronic diodes.

Diode effectiveness (diodicity) in a fluid diode, E, 18 the
ratio of the inverse-flow to forward-flow pressure drop at

equal flows.

e [AP(INVERSE)] (1)
CONSTANT FLOW .

This resistance ratio or rectification ratio (or diodicity),
1s a criterion of effectiveness of fluldic dlodes Jjust as

for diodes in general.

In many systems, the ratio of forward-flow to inverse-flow
at equal pressure may be & more useful index. Since these
vortex dlodes operate in the turbulent region, the flow
ratio 1s approximately the square-root of the resistance
ratlo at the same conditions.

The fundamental similarity between a vortex amplifier and a
vortex diode is worth exploring. The overall flow gain of
a vortex amplifier can be expressed as the ratio of the
difference between unimpeded radial flow with zero signal
and the minimum flow with maximum signal. When the main
flow is completely shut off, the flow gain is

Wnax = Ymin wmax-O
Gp = —; = . (2)

i signal wsignal

Since the unrotated radial flow in either direction 1is
through the vortex chamber, the maximum radial flow would
be approximately equal to the unrotated forward flow
through a vortex dlode; and the signal flow at complete
radial shut-off equals the tangential flow in the reverse
direction. Thus, the fluld amplifilier index, the flow gailn,
1s comparable to a vortex diode index - the flow ratio.
Thls similarity permits us to apply results obtained for
one device to the other.
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In constant pressure systems, obviously, the flow ratio will
be preferred; while in constant flow systems, the resistance
or rectification ratio will be more useful.

T

In general, the inverse path of a vortex diode includes an j
entrance, a nozzle, a vortex chamber, a central exit orifice !
(or one in each end) and finally an outlet tube at each exit.

1 The forward flow path 1s identical, but 1in reversed direc- ]
' tion. These serles components all contribute to the total 1
. pressure drop, so that the resistance ratio and diode f
3 effectiveness,

[APe+APN+APVC+APO+APt]I
[APt+APO+APVC+APN+APe]F

AP
; E=z3p

|

where I and F refer to inverse and forward flow; e, the 3
9 diode entrance 1n the inverse path; N, the nozzle; VC, the
! vortex chamber; O, the outlet orifice; and t, the outlet
tube. The greatest pressure drop 1s espected in the vortex ]
chamber with vortex flow in the inverse-flow direction. If '
the main purpose of diode design is to obtain the greatest
possible resistance, or rectificatlion, ratio; then the ; :
primary target of design improvement 1is the .aximum pres- 4

: sure drop due to the vortex flow in the inverse direction \ ?
A with minimum forward-flow pressure drop through the entire

1 device.

: THE VORTEX |
{ Early practical interest in vortex devices was directed

toward separators, atomizers, Ranque tubes and heat trans-
1 fer enhancement devices. The literature on the vortex and
1 its application 1s ample. Earller bibliographies have hLeen
- compiled by Mayer and Maker, and Erfurth [8,9]. Goto, :
Mayer and many others [8,10-15] present practical summaries ]
of the vortex fluild dynamics.

In general, the tangentlal veloclty 1n a vortex variles with
the radius

] V= V1<77) ()

1
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where V1 and r, are the velocity and radius at the inlet of

the vortex, and n 1s the general vortex exponent. In a free
vortex, angular momentum 1s preserved.

vip, =V, = C (5)

while angular velocity, w = V/r increases toward the center.

Thus:
n
r r
2 2
Vv = V | — s V — (6)
. 2(‘"1) 2("1)

where the vortex exponent, n, 1s unity for a free vortex.

The shear between circular layers of fluld and between the
walls of the chamber and the fluid inhibits the increase

in velocity with decreasing radius until the velocity 1s
constant with radius. This portion of the vortex 1s said to
enclose the "core" of the vortex. Here, where velocity is
constant, the vortex exponent, n, is zero.

The radius at which the transition from a free vortex to a
forced vortex occurs, the core radius, has been shown by
Soo [16] to be proportional to the one fifth power of the
kinematic viscosity. Thus, in viscous fluids, the forced
vortex core would dominate the vortex chamber with little
room for the free vortex to develop.

In the inner portion of the vortex, wherein the rotational

velocity w 1s constant, the tangentlal velocity variles
directly with the radius, and Equation (4) becomes

ry -1

The forced vortex is realistic for viscous liquids [11] and
also for the core of all vortices 1in general.
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Actual flow withiln a vortex valve combines tangential flow
and radial, centripetal flow. The radilal flow toward the
central orifice, has been shown by several researchers

1 [(11,17,18]) to travel primarily within the boundary layer at
1 the ends of the vortex chamber. This boundary layer in-
creases 1in proportion to viscosity and surface roughness
[19,20]. Kamel and Farag have shown in this regard, that
the leakage through the boundary layer in the vortex chamber
increases with viscosity [11] and surface roughness [21].

aindedan
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PRESSURE DROP GENERATED BY A VORTEX

The centrifugal pressure reaction to the rotary flow is
simply the centrifupgal force per unit area, (a),

4 2 Tyl
‘ dF = dmv = paV-dr (8) 1
4 r r
dF = v %? . (9) y
4

| This egquation was used by Mayer and Maker [8], as well as
others, as the baslis of a preliminary analysis of a vortex J

3 valve. Using the value of V from Equation (4), the pres-

1 sure chanpge can be expressed as, ]

L 2n
o)

g N\r 0

where VN and r, are the inlet veloclty and radlius.

Integration tetween radii produces the total pressure !
differential across vortex f

‘ 0
AP = [ pvﬁrf“r'znr‘ldﬁ (11)
1
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AP = pV2| -t (12) ;
1 -
- r°(2n) 1 _
| 'f
b= \! ) SE J
I‘O %

The coefficient of vortex pressure drop, Kv 1s defined sim-

ply as the ratio of vortex pressure drop to nozzle dynamic
pressure, QN. :

e p—

e
ap, Lo (1-r%M) ;
v 2 n
K = = (lu)
v o, -
3 PN
- L (-r? (15)

where R here 1s the ratio of the outer to inner radius.

For the three special cases, free, constant velocity, and |
forced or solid-body vortex, the vortex pressure drop co-
efficient becomes !

K, = -(R%-1) n =1, (Free) (16)

K, = -(21og R) n =0, (V=0C) (17) 1

Py
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and

K = -(i-—g) n= -1, (Forced) (18)

EXPERIMENTS

Vortex dlodes were constructed as assemblies of cylindrical
cut-outs of various dimensions, end plates (one transparent)
with various outlets and with variations of tangential inlet
nozzles. The pressure across the valves was varied, and {
F flows and pressure drops across the vortex and the entlre {
assembly were measured with flow directed in both directions

- tangentially for "reverse," or "backward" high-resistance |
flow, and centrally for radial "forward" flow.

T
SRR

T

| The vortex chambers used in our experiments (Figure 2) var-
ied in diameter from 1.58 to 3.52 inches (4 to 8.95 cm) and
in lencth from .188 to 1.0 inches (0.477 to 2.54 em). The

maximum available pressure and flow were 100 psi (6.895*105

N/m?) and 6 gpm (3.7SXl0-5m3/sec).

TEST RELULTS AND ANALYSIS

lMost of the experimental results and some of the analyses
were reported carlier [12]. 1

Vortex Pressure Drop Coefficient

ratio of the outer-to-inner radius R in various vortex

valves 1s shown in Figure 3. Lines of computed K versus R
with constant values of n are plotted for comparison. The
test results show that for most vortex chambers the effec-
F. tive vortex exponent l1s approximately ccnstant. The vortex {

é The variation of the pressure drop coefficient K with the

exponent n should be considered an effective n to express
, the fact that many modes of flow in the vortex chamber re-
: sult in a specific pressure drop and that the resulting

} pressure drop coefficient is a function of R, the ratio of
: the outer and inner radii.

(15)




Therefore, n 1s an average correlation quantity rather than
a true vortex exponent indicating the exact mode of vortex

flow.
Consequences of Axial Length-to-Diameter-Ratio a
In general, very thin vortex chambers develop very weak 1

vortex flow. The consequences of varying the axial length,
L, to the vortex diameter, D, are somewhat as expected.

For very thin dlodes the boundary layer will completely 1
fi111 the chamber. As the axial length between the circular
endplates, L, increases, the avallable distance free of the
boundary layers increases. Once this free distance is much
greater than the boundary layer, further increase in L/D 1is
not profitable.

-

The average vortex exponent, n, increases with L/D as seen
in Figure 4, but becomes relatively insensitive to any
increase above L/D = .35. All the points shown are results ;
of our experiments except the one point shown at L/D = 0.8, 1
which was reported by Holman and Moore. Kwok and Farag's .
work with a large vortex chamber [22] showed that the
' discharge coefficient decreased with increasing L/D. Ex- 2

3 ' pressed in the form of pressure drop coefficient K (K= 1/CDL !
1 this agreed with our tests and indicated an increase in
pressure drop coefficlient at constant radius ratio, R, with
L/D at very low L/D and relative insensitivity to L/D at -
higher values. In addition, Tsai [14] found no significant 4
improvement when he varied L/D from .5 to 1.6.
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Vortex Chamber Outlet

The flow field in a vortex chamber is primarily "a strong
two-dimensional vortex superimposed on a weak sink" [14].
Thus, it can be expected that the exact shape of the vortex
chamber outlet 1s not important. This was verifled by re-
sults of experiments with rounded and chamfered outlets,

as shown in Figure 5 and by Kamel [11]. i,

Vortex Generated Pressure Drop in Outlet Tube

In most cases, the pressure drop measured acrocss the outlet

tube was relatively insignificant and the vortex alone 1.

" almost equaled the pressure drop across the entire diode

31’ assembly. However, at very high values of vortex radius ]

¥ ratio and vortex pressure drop coefficlent, the pressure ]

‘:_:i e usey
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drop through the outlet tube downstream of the vortex
chamber is a major portion of the total. (For instance, the
pressure drop across an entire valve (labeled IG in Figure
3), was much greater than that across the vortex chamber
alone (shown as G). Thus, i1t became important to study the
pressure drop of swirling flow through the outlet tube.

Pressure tarsin the central outlet tube showed a value of
pressure drop per inch that was about 12 times that of

stralesht unswirled flow. T. J. Lawley and his assoclates
(23] similarly showed that the pressure drop in a vortex :
chamber outlet tube increased with the strength of the 4
vortex.

However, they, along with M. K. King and F. Kreith and
their associates [24,25] also reported that both vortex {
strength and the tube pressure decayed most raplidly in the

upstream portions of the tube. For instance, King reported ;
that the vortex had lost 60% of its strength in the first 3
20 diameters of a tube which was 100 diameters long. Simi- i
larly, one tube with swirling flow lost about 75% of static
pressure in the first 10 dlameters of its length and the
remaining 25% in the downstream 17 diameters. Thus, it is i
clear that the pressure drop in the tube immediately down- i
stream of the vortex chamber contributes significantly to
the vortex generated pressure drop.

o .

For the three best vortex diodes, the ratio of the measured
pressure drop across the total vortex assembly lncluding the
outlet tube to that of the vortex alone followed this
equation:

™~
>

P e (.0143)R°7.

A

The addltion of vortex generated pressure drop in the outlet
tube to Increase the reverse flow resistance 1s, however, of
very limited use for diode design, as will be seen later. ]

Forward Flow

——

The temrtation to concentrate on the vortex chamber of a
vortex diode to the excluslon of other portions leads to
disappointing results.
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It 1s clear from Equation (6) that effective vortex diodes 3
cannot be achieved unless excessive pressure drop is care- 1
fully avoided throughout the entire forward-flow path. The 3
most serious head losses in forward-flow occur in the inlet 4
tube and at the tangential nozzle. :

Inlet Tube Losses

The usual Darcy-Weisbach Equation for pressure drop in a

tube

{
| AP = f g-(%- pvz) (19) :
| ;
, when expressed as a function of volumetric flow rate, G and %
] tube diameter, D, becomes i

.’

2

Lfl G ~
AP = ¢ eN - (20) 4
ke ) w02 |
K “

2
Lp8G .
Ry 2

Thus, the pressure drcp increases with the reciprocal of the
fifth power of the central orifice diameter. For any one
vortex chamber, R was increased by decreasing the central
outlet in the end plate. In Figure 6, we show the measured
variation of total forward flow pressure drop coefficlent
as well as the computed change in the orifice related pres-
sure drop coefficient. The starting point for the calcu-
lations was the measured total resistance to fcrward flow
at R = 6.39. The assumed K factors were 1.5 and 0.9 for
the inlet tube orifice and the nozzle, respectively, as
estimated from handbook values for the tube, an expansion,
anr and a 90° bend for the former and a 75° bend and a contrac- ; 1
] ' < tion for the latter. These estimates were, frankly, selec- 3
ted to be consistent with accepted values and to total a
K of 2.4 which was determined experimentally. As the i
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radius ratio R is increased from 6.39 to 13.33 by decreasing
the outlet radius by a factor of 2.086, the fifth power of
that factor of radius change is 39.50. This factor times
the inlet K factor 1.5, equals 57.9. This plus the K factor
through the unchanged nozzle results in an estimated total
found flow K factor of 58.8 at R = 13.3 as shown in Figure 6
The actual measured total K factor was approximately 61.

In an earlier section, it was shown that the vortex pressure
drop coefficient increased with the radius ratio. However,
if the increased radius ratio R 1s obtained with a small
outlet orifice, the forward pressure loss through the 1inlet
tube and orifice will be excessive as shown in Figure 6 and
diode effectiveness will decrease rather than increase.

Going in the opposite direction, the inlet tube pressure
drop will decrease with the radius ratio. At smaller radius
ratios, the orifices are relatively larger. The pressure
drop contribution from the tube itself decreases with the
recliprocal of the fifth power of the 1lnlet dlameter.

The orifice losses, however,
N c
AP = K(%— pv") =K 3 of = (22)

“Du.
0

will decrease with fourth power of the inlet diameter.

This is a practical insight for the extrapolation of losses
with very short inlet tubes.

Pressure Drop Through the Tangential Nozzle

The pressure drop from the vortex chamber out through the
tangential nozzle for typical nozzles 1s shown in Figure 7.

In one diode, the nozzle 1lip was given an .012 inch (.03 cm)
radius which was about 25% of the nozzle width, N. The
forward-flow K factor across the nozzle dropped from approx-
imately 1.9 with a sharp nozzle 1ip to 1.0 with the rounded
1ip as shown in Figure 8. Note that the reverse [low vortex
was not measurably influenced so the resistance ratio rose

() |
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from 4.8 for the sharp lip to 6.0 for the rounded one. The
improvement is clearly shown in Figure 9.

It was observed that a cavitation bubble formed Just down-
stream of the sharp lip in the nozzle as shown in Figure 10.
Superficially, at least, it was reminiscent of the cavitles
reported by Eisenberg [26] in his early reports of the cavi-
tation method of designing torpedoes. The generalization
that the cavity boundary approximates the surfaces of con-
stant pressure and minimum restriction was appropriate. By
means of a magnifying glass, the contour of the cavity was
carefully measured and used as a pettern for the nozzle.

As a result, the forward-flow K factor across the nozzle
dropped from 1.86 to .78 in one case and from 1.0 to 0.45
in another.

In the forward flow direction, the fluid contracts and turns
as 1t enters the tangential nozzle. The dynamical equation
for forward-flow,

2
%%‘-‘é—)—-VX(CURL v) = %g-g (23)

reminds us that pressure gradlient along the flow path is
proportional to the sum of the convective linear accelera-
tion and the rotary acceleration. If the nozzle 1s ex-
panded, the contraction and the acceleration along the path
from the chamber into the nozzle would be diminished. 1In
addition, such an expanded nozzle would permit a lower
velocity which would lower the value of the rotary term in
Equation (23) above. Thus, increasing the area of the
tangential nozzle can be expected to reduce both the con-
vective acceleration and velocity and thereby to reduce the
nozzle entrance pressure drop. The curl term can be reduced
by adding a radius or a contour to the nozzle 1lip. As noted
above, these expected improvements were realized.

Other Restrictions

Whenever restrictions or irregularities in the flow path
were removed or ameliorated, the forward-flow pressure drop
invariably decreased and, as a result, the rectification
ratio proportionally improved.




OPTIMIZATION

Diode performance, summarized in Table 1, is dependent
primarily upon the strength of the vortex generated in the
chamber and the lack of resistance in the forward flow path.

The geometric ratios that significantly influence diode
performance are:

Sy
Radius, —d
0

Diameter, gl
0

Length, L/D -

Nozzle-Outlet Area, AN/Ao
Nozzle, N/D
Lip Radius, rN/N

Axlal-Length-Diameter-Ratio

As noted earlier, the effective vortex exponent, n,
increased until L/D equaled 0.35. Above that point, no
significant improvement occurred.

Nozzle-Outlet Ratio

The nozzle and outlet area must be so balanced as to mini-
mize total pressure drop across these restrictions. The
optimum seems to be approximately 3.0.

Nozzle

The nozzle width divided ty vortex chamber diameter N/D is

a measure of the ease of entry into the nozzle from the

vortex chamber during forward-flow. ‘This is, of course,

limited by the requirement for a difference in radial dimen-

sion of the nozzle and the orifice required to generate a

strong vortex. The optimum nozzle width seems to be about (
0.2 times the vortex diameter.
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In general, these ratios were selected somewhat arbitrarily

e A il

in the area of very flat variations of performance.
These values can be used to compute an optimum radius ratio
R
= :
i D 3
R= == (2") 1
ro Do i
The approximate optimums are ]
¥ =35 (25) |

(26)

{ 5= 2. (21)

The central diameter, Dy, 1s the chamber diameter, D,
divided by the radius ratio, R, i

RSN o g e

D
DO = ﬁ (28) 1
In addition

L = .35D (29) i'
_ i
e and ] |

3 ;'

a N =.2D (30)

B
|
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Substitution of these values, in the expression for the
nozzle-outlet area ratio, Equation (26) yields;

Ao TD /R2

From this, the optimum radius ratio R 1s approximately 5.8.
The estimated errors in the muny measurements that were used
were such, and the perfocrmance variation was so slight in
the vicinity of the selected optimum, that this value can be
considered only as a rough approximation. Baker [5] refers

to Zobel's conclusion that the optimum radius ratio 1is
closer to 8.

The interpolated diode effectiveness was computed from the

results of the best diovde and plotted in Figure 11. The

measgred optimum radius ratlio is apparently between 5.6
and 6.2

The diode effectiveness can be expressed as;

2n
RV -1 5
BREl === /(N + CoR (32)

2n K 4
. R -1 n 5
= Co;s + 1/COR » (33)

where K is the nozzle pressure coefficient and C is a con-

stant that multiplied by R5 equals the central orifice and
tube coefficicnt KO.

It can be shown that the optimum rectiflcation ratio occurs
when the upstream and downstream forward flow resistances

are approximately equal, 1.e, when KN/C R5 = 1,
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Compressible Versus Incompressitle Flow

Holman and Moore [13] and Tsal [14] report results with
gasses which were consistent with the results obtalned with
water. However, at rather high gas velocities, Kendall [27]
witnessed greatly different effects of the L/D ratio. At
the very low velocities required for effective dliode per--
formance, findings with liquids apply to gasses and vapors
as well.

DESIGN PROCEDURE

A. If the required rectification ratlio is 15 or less:

T s

1. Select the radius ratio corresponding to
desired rectification ratio from Figure 1l1l.

I R T T —

T
&

R 2. Set L/D the axlial length-to-dlameter ratio
i between .35 and .45.

i3 3. Select nozzle width N toc be approximately .20
I I times chamber diameter and large enougn to 1
v assure inverse flow velocity of 4 ft/sec
I (1.22 meters/sec) or less.

’i)‘. k. Design the nozzle with a radius of approxi- 1
mately 1.5 times the nozzle width, N. |

5. Limit the central tube to a length of 10
diameters or less.

3 6. Avold any restrictions, or discontinuities in
F the entire branch of the fluid circuit con-
1 . taining the diode.

f
B Modifications in performance can be easily achleved. If the h
] : resultant rectification 1s too high, simply add resistance
| - in series with tangential inlet 1n direct proportion to de-
sired decrease. The total pressure drop in the 1nverse
direction can be increased by a small percentage without
b greatly influencing the rectification ratio by increasing ,
: L/D, of central tube in proportion to required resistance.
If ghe rectification is too low, continue to decrease the
: length-to-diameter ratio of the branch containing the diode
and other hydraulic resistance both upstream and downstream.
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B. If, however, a rectification much higher than 15
is required:

1. Design tangential inlet line and nozzle
(cathode) with the least possible resistance
at design forward flow (use radius or contour
as necessary).

2. Select vortex chamber diameter which 1is four
or five times optimized nozzle width.

3. Select central orifice slize and shortest
possible central tube to match K factor of
optimized nozzle. Use fifth power relation
for extrapolation of pressure drop factor
with R. )

4. Divide design forward flow K factor which is

sum of minimized nozzle KN and matched central

orifice and tube KO into inverse flow K factor

for "G" diode from Figure 3 at R obtained from
chamber and orifice selection steps 2 and 3 to
predict diode effectiveness, E.

Example: If a clean low pressure-drop ozzle (cathode)
branch has a forward-flow K of 0 ! and 1f the short central
tube matches it at R = 6, the conservatively predicted vor-
tex pressure drop coefficient from Flgure 3 1s 19, and the
predicted rectification ratio is then 19/(0.4+40.4) = 23.75.

Further improvement 1s possible only if the branch of the
fluld circuit containing the dlode can be improved for
lower head losses.

One approach to such improvement 1s to have an enlarged
central tube with a convergent nozzle to dilrect fluild in
forward-flow into the central orifice. Similarly, a well
designed diffuser would reduce the losses in a large low-
loss forward-flow outlet.

From the above, 1t 1s clear that fluid diodes are very sen-

sitive to installation. Identical diodes will perform
differently in different fluid circuits.
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Empirical pressure drop coefficlents as listed in handbooks
are sufficiently accurate to permit a practical design with
minimum development effort.

The results achleved, if extrapolated for low-loss nozzles
and improved associated tubing, suggest the routine attain-
ment of rectification ratios of approximately U40. Baker
[5], on the other hand, lists Zobel's attainment of a
rectification ratlo of 50 as well as still higher rectifi-
cation ratios with other type of dlodes.

Suggested Development

For further improvement one approach seems worthy of devel-
opment. As noted earlier, Kamel and Farag (21] showed that
the vortex strength and resuliant vortex generated throt-
tling Iincreases as the end plates become smoother. Thus,
super-smooth end plates as polished or as coated with a
polymer can be expected to decrease the parasitic loss

of vortex strength and consequent lmprovement to both the
vortex and forward-flow, and, as a result, the diode
effectiveress.
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THE TURBULENCE AMPLIFIER

INTRODUCTION TO THE TURBULENCE AMPLIFIER

In 1962, early in the brief history of fluidics, Raymond Auger intro-
i duced the Turbulence Amplifier or T/A [1,2]j. The T/A is unique among
fluidic devices in that its operation hinges on the transition from laminar
to turbulent flow in a jet. Its operation depends on two related factors:
the ease with which a control jet can switch a laminar jet to turbulence;
and the very large difference in pressure recovery for the same supply
conditions that a receiver in a laminar or turbulent jet will experience.

Laminar jets at Reynold's numbers greater than 11 [3] are quasi-stable.
A submerged laminar jet in the absence of any external disturbance contains
the seeds of {ts own destruction; although 1t may remain laminar for from
15 to 100 nozzle diameters (depending on Re), it will eventually become
spontaneously turbulent in as little as one diameter. This is illustrated
in Figure 1. Because of this quasi-stability, disturbances to the jet are
rapidly amplified and the transition then moves rapidly upstream in the jet
to a point near the disturbance. Thus a control jet near the jet emitter
can control the position of the jet transition. If a receiver aligned with
the emittcr, as shown in Figure 2, is placed so that the undisturbed laminar
jet will reach it, then control action will determine whether the receiver
sees a laminar jet or one that has been turbulent from a point just past
the control.

g T T T—

—————————

~—

! Laminar jets at source Reynolds numbers of much greater than 60 [4,5]
spread much more slowly than turbulent jets of the same source conditions.
Laminar jets exchange momentum with their surroundings in shear only and
loose kinetic energy and central stagnation pressure gradually. Turbulent
jets, on the other hand, redistribute their momentum rapidly and dissipate
energy quickly through turbulent mixing processes. A central receiver in

a laminar jet can capture a large fraction of the jet's initial momentum
with excellent pressure recovery, while a receiver placed in an induced
turbulent jet that has dissipated and exhausted its stagnation pressure will
exhibit low pressure recovery.

Sy
- T ——

The most graphic demonstration of these principles is provided by a

1 stationary cigarette in still air. A long laminar tendril of smcke arises
from it that could easily be captured by a drinking straw. The slightest
puff of air, or even a loud snap of the figures, however, will sreak the
jet up into turbulence near its source and very little smoke woild then be
] captured by the straw.

e e e

If we call the laminar or high recovery state ON and the control gener-
ated turbulent or low recovery state OFF, we have a logical NOT. Clearly,
since multiple inputs are possible, and as many as eight are practical with
equal effectiveness, the turbulence amplifier is a logical NOR element. If
any (or several) of its inputs are ON the output if OFF. A logical NOR is
primative: that is, 1t forms a basis for a complete logic system. All of
the oLher required logic functions can be synthesized by combining NOR's.
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(:;F These combinations can obviously be assembled of individual elements or
can be incorporated into a single element.

! As one of the earliest NOR elements to be commercially available, the

1 T/A has exjoyed considerably success, stemming very largely from the ease

1 with which individual gates can be interconnected into a large switching ]
E' circuit without the loading and crosstalk difficulties so common to fluidics. !
1 Indeed, it is the absence of interaction between individual controls, between
the output and the controls and between controls and supply that accounts

- for the widespread use of T/A's in this country, throughout the Common 1
p Market, and in Eastern Europe. 1

Consider Figure 2 again. This is a typical T/A geometry with the

] £ shroud omitted, and with only one control shown. In a 3-dimensional

3 I (cylindrical) geometry, other controls would be arranged radially around

y ' the same spot on the main jet for equal effectiveness. In a planar geometry

1 : (not really 2-dimensional) other controls would be arranged in two fan-like
E arrays in the plane of the element on each side of the main jet. The fans

would be centered on the same spot on the jet and control jet angles from
45° to 135° from the main jet are effective. One of the outstanding features

I ‘ of the T/A is that the controls are not additive; control action (jet switch-
ing) is obtained only if one of the controls exceeds the switching threshold i
E without regard to the state of the others; whether they are at zero flow or

near the threshold flow. Jet deflection devices sum momenta usually; the
T/A does not.

i e i Al E S

The emitter or supply tube is shown long and of uniform bore in Figure

2, It is now universally recognized that the most satisfactory laminar jets
are produced from initially parabolic emitter profiles. At the Reynolds
numbers typical of T/A operation, between 500 and 2,000, full parabolic :

{ development requires approximately 60 diameters of emitter length; more is 1
a waste of supply pressure; less produces shorter, nervous jets. The re- l
ceiver or collector is accurately aligned with the emitter and in normal :
practice has the same section dimensions as the emitter. The emitter-re-
ceiver gap is a design trade-off. A large gap requires smaller control
signals for switching but reduced ON recovery. A short gap improves ON
recovery, but reduces the difference between ON and OFF which may result in
cascading problems. Normally the receiver is made as short as is possible to
reduce the element output {mpedance.

] Although not shown in Figure 2, a turbulence amplifier must have a |
shroud whose function, in addition to providing the structure that aligns
the nozzles, is to protect the very sensitive laminar jet from ambient
noise (sound) and from air currents. This shroud must be symmetrically
placed around the jet for equal control effectiveness, and of sufficiently
large internal dimemsions that a turbulent jet cannot become self-exciting.
| In cylindrical geometries, the shroud diameter is usually greater than 10

' jet diameters. In planar geometries, the shroud interior 1is usually of

A rectangular section with the short dimension more than 6 jet widths. The

i shroud must also be very generously vented go that its interior will remain

at ambient pressure for any jet state and load return through the receiver.
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The large shroud vents required are responsible for the lack or inter-
action and interconncction difficulties that characterize the T/A. With
the exception of the receiver, all of the tubes (of ducts in a planar version)
that form the T/A supply and controls remain at atmospheric pressure at their
internal ends irrespective of the state of the amplifier. Under normal
operating situations, backflow in the receiver is not sensed at either
the emitter or the controls, and for small backflows or any outflow up to
the zero load flow, the receiver appears to be connected to a plenum
maintained at the jet centerline stagnation pressure, either ON pressure or
OFF pressure, Unless the backflow is large or the shroud vents are too
small, a backflow (from a diaphragm interface device for example) will not
switch the jet, although it might switch others whose controls were attached
to the same T/A. Unfortunately, there is a trade-off in vent sizing. The
larger they are, the more sound sensitive the element will be. Shrouding,
as might be expected, has no effect on the mechanical vibration sensitivity
of turbulence amplifiers although this is rarely reported to be a problem.

Auger summarized these characteristics very nicely in the following
lists of advantages and disadvantages paraphrased from Reference [6].

Agvantages

1. Performance as a NOR gate, enabling it to be the onlv element needed to
build circuits which perform all conventional logic operationms.

2. Ease of interconnection without any need for biasing, bleeding or impedance
matching.

3. Relatively high fan-out (abilitv of one output to drive multiple inputs).
Eight easily attained.

4, Multiple inputs (up to eight commercially available) fully isolated from
each other, the supply line and the output load.

5. High resistance to contamination by oil or water vapor in the supply line.
6. Insensitivity to input signals below its threshold. (See Figure 3).

This means both low level noise immunity and nonadditive controls. Switching
occurs only if one or more Inputs exceed the threshold.

Disadvantages

1, Sensitivity to both ambient sound and vibration at frequencies not un-
common in industrial environments.

2. Supply pressure regulation is required because the permissable Reynnlds
number range for good operation is relatively narrow.

3. Maximum output pressure attainable is less than 0.5 psi. More typinal
outputs are in the 1.0 to 10.0 in. H20 range.

4. Extremely noisy operation between the ON and OFF states virtually
precludes T/A operation as a proportional amplifier.
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5. Undisturbed laminar length of a submerged laminar jet is as yet un-
predictable. A weakness in design as only guidelines exist.

6. Relatively slow dynamic response.

STATIC PERFORMANCE OF THE T/A

The Essential Characteristics

Historically, the static characteristics of turbulence amplifiers

have been only partially presented, usually as output pressure versus
control pressure for constant or fixed values of supply pressure and zero
output flow, and output pressure versus supply pressure, with no control or
output flow [1,2,5-11]. While such presentations proved suitable and useful
in circuit applications, they obscure internal relationships in the amplifier
because the characteristics of the tubes or duct flows and the jets mechanics
are not separated. Verhelst [12], however, has devised a complete and com-
f prehensive presentation of T/A characteristics now almost universally used
8 in the literature on T/A's. The Verhelst Diagram is more useful to the de-
( signer than others, because it separates tube characteristics from jet

4 effects and readily displays the figures of merit of the element. It dis-
plays on one plot the five essential characteristics of the turbulence
amplifier:

1, Pa - Qs; supply pressure-supply flow

2, Pc - Qc; control pressure-ccutrol flow

3. Po - Qo; output pressure-output flow
1 ( 4, Po = Qs; output pressure-supply flow
E 5. P° - Qc; output pressure-control flow

The first three of these are tube or duct self-impedance curves and the
last two are the transfer characteristics from the controls and supply to
the output. Obviously, the old presentatiors can be easily obtained by
combining the fifth with the second and the fourth with the first. The
third relationship, i{f given at all in early papers, was usually incorpor-
ated as a parameter in a series of P° - Pc curves with multiples of one

control as a load. Such a family can be obtained easily by combining

y characteristics 2 through 5 appropriately. It should be clear that revers-

3 ing these procedures is nearly impossible., Figure 3 shows a typical

;: Verhelst Diagram. The arrows summarize the effects of geometry to illustrate
] the ease with which geometries can be compared on this presentation.

The figures of merit for the turbulence amplifier, all easily nbtained
i from a Verhelst Diagram, are as follows:

l. Fanout: a digital specification for gain, fanout is the interger

number of similar amplifiers that may be turned OFF by the output of onc
that is ON.
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2. Cascadability: a determination that the OFF output of an
amplifier is not sufficient to trigger a single cascaded amplifier which

should remain ON. The output impedance of the driving amplifier is usually
neglected in this determination to make it conservative.

3., Power Consumption: computed from the operating point P', Q
values., Usually expressed in watts. Frequently around 1.

4, Flow Ratio: the maximum available output flow compared to supply
flow.

5. Pressure Ratio:

the maximum output pressure compared to supply
pressure.

The Parameters of Design

Since the Verhelst Presentation is not readily generalized, alternative
presentations of the parameter groups are required and a rational procedure
for developing a dimensioned set of characteristics from them must be develop-
ed. The geometry of the turbulence amplifier is most readily characterized
with respect to the emitter diameter. Of the remainii.g eight dimensions
necessary to specify the geometry, four are of major importance to the

amplifier performance. From Figure 2 these are given in ncn-dimensional
form:

L=2/d the emitter length, which exerts an

important influence on the initial jet

velocity profile, emitter pressure-flow
relationships, and jet stability.

G=g/d the emitter-receiver gap, which determines

jet attenuation and maximum supply

conditions,

Lo = ko/do the receiver length, determines output

impedance.

L =2 /d control length; determines the control
¢ c' e
pressure-flow relationships.

Somewhat less flexible are:

dold receiver to emitter diameter ratio.
Almost always one, for the simple reason
that one works well.

b/d control set back; a weak optimum in
control effectiveness exists for b/d = 2.

a/d

control offset; again a weak optimum for
a/d = 2,
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d /d control size; influences the control
c
pressure~flow relationships very
strongly. It can be chosen by
impedance matching.

The fluid properties also influence performance. The fundamental
parameter characterizing the flow is Reynolds Number based on the emitter
dismeter and mean velocity. Unfortunately, turbulence amplifier interactions
are too complex to be described entirely by this simple parameter and two
modified forms are required: for tube flows, which are basically developing
flows, Re/L is used as it incorporates tube length into the parameter. For
jet pressure recovery, another modified Reynolds number coalesces the data:
Re/KG, which incorporates both gap, G, and a dimensionless constant associ-
ated with the jet origin as a function of emitter conditions, K.

Pressures are most conveniently non-dimensionalized with respect to a
dynamic pressure, which is flow related. Rather than the traditional
1/2p0U2 based on average velocity commonly used in pressure drop calculations,
the dynamic pressure based on the emergent jet centerline velocity effective-
ly accounts for differences in emitter mouth velocity profiles which can
occur at the same average flow with different emitter lengths. This choice
also plays in importaat role in the receiver pressure recovery model employed,
in which only centerline velocity attenuation in the jet is considered.

Finally, the jet model suggested for design requires two integral
properties of the emitter exit velocity profile; a momentum factor, 8, re-
lating nozzle exit jet momentum to the momentum based on average velocity,
and a centerline velocity factor, A _, relating true centerline velocity to
average velocity. With this basic et of parameters, a set of design
charts can be developed to completely specify open amplifier static perfor-
mance.

For planar geometries, the same basic set of parameters hold after
appropriate modification for duct geometry. As most planar designs have
low aspect ratios, often one (square ducts), they are not really two-
dimensional. A hydraulic diameter is then more appropriate than slot width
for a linear dimension. As these differ only by a multiplied constant, de-
sign charts can obviously be derived fuor either or be casily converted from
one to the other,

Analysis for Jet and Tube Flows

In the analytical development that follows, the major emphasis is
placed on a calculation of the characteristics of round jets and tubes in an
open (unshrouded) amplifier because these results are based on the author's
own work [4,14,15]. These results are not directly applicable to planar
geometries which are probably more useful commercially, but with o5nly minor
modifications, these analyses could all be nonverted to low aspect ratio
planar types with generous shrouds. The salient feature of this presentation
is the approach; the pursuit of the five basic characteristics just outlined.
We will see that some features of T/A performance cannot be approached
analytically but must be empirically determined. No studies comparable to
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those reported in References [4,14,15] have been reported for planar T/A's.
Such studies are required before a comprehensive design procedure for planar
T/A's can be drawn up.

The free jet profiles of laminar jets were originally characterized by
Schlichting [16] and Bickley [17] for jets issuing from point and line
sources. Andrade and Tsien [18] then showed, in an elegant series of
experiments, that the Schlichting jet profile matched those in real round
jets fr . finite sources with initially uniform velocity profiles, 1if the
Schlichting jet was assumed to issue from a virtual origin at xold = Re/25

inside the emitting orifice. They extended their work to initfally parabolic
exit plane profiles by suggesting that the location of the virtual origin
might be obtained by equating the kinetic energies calculated for the
initial parabolic profile and the similarity profile. This results in a ]
virtual origin ut xold = Re/20, but they did not confirm this. The author

(4,14) suggested an alternative calculation based on matching centerline
velocities in the parabolic profile and Schlichting profile for which
xold = Re/16. This was not directly confirmed by centerline velocity

measurements, but it led to accurate predictions of recovered pressure in
the jet, and has the additional advantage of not requiring integration of
the jet profile. Beatty and Markland [19]) and later, Mcllhagger and
Markland [11] developed useful jet matching schemes based on streamline

" matching, i.e., by insisting that the Schlichting jet radial velocity be

" zero at the edge of the tube exit. For a parabolic tube profile this leads
to a virtual origin given by: xold = Re/16. It should be clear that none of

et

these methods will predict the velocity profile in the developing region of
the jet. Du Plessis, Wang and Tsang [6], however, made accurate predictions
of the developing profile in a round laminar jet with an initially parabolic
profile by solving the appropriate boundary layer equations numerically.

They confirmed their results experimentally and found that xold = Re/18 was

the best virtual origin location. Their boundary layer solutions are not
tabulated or expressed in closed form, however. The author and H. W. Chang
[20] have also confirmed that for parabolic emitter profiles, x /d = Re/18
gives a best match. These experiments were conducted in a largg tank with
a one inch diameter emitter. Velocity profiles were accurately measured by |
hot film anemometry in a working fluid of 99% distilled water and 1X Union {
Carbide Polyox WSF N-3000 resin which had a viscosity of 21,2 centipoise at |
71.5°F. Figure 4 shows a typical array of developing profiles in an un-

disturbed jet for which Re/L = 5.75. The salient features to note, typical '
of all of the profiles measured in this research, are the small "humps" in

bttt 5. e i, Ml i 3 it i s S O TR

the profile at the radius of the nozzle. These humps are thought to be due |
to the velocity profile discontinuity between the parabolic profiles inside
the jet emitting nozzle and the entrained flow boundary layer on the outside q

of the nozzle at its edge. This ring discontinuity persisted to the jet

transition. Previous investigators of axisymmetric jet profiles have not

shown this detail, probably because they took discrete puint measurements

and missed it, or because their probe size, compared to the jet diameter,

limited their resolution. Close examination of Andrade and Tsien's [3] or

du Plessis' [6] data rcveal some suggestive points in their profiles,

however. The size of these humps also varies with nozzle geometry, being {
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very large for a blunt thick-walled nozzle. The humps in the data given
in this paper are for the nozzle shown in Figure 5. 1

i
N

Before proceeding to jets from undeveloped emitter profiles, it is
g appropriate to discuss the fully developed jet profile and the transition ;
region 1in which the jet profile changes from the emitter induced initial :
profile to a Schlichting developed jet profile. In the develcped region, 1
i
R
3

o

lamninar jets are affinely similar. Schlichting's well known sclution for
the velocity profile can be expressed in dimensionless form as:

U
-

cl 1+

oY)
B

u

F I ]

vhere u is velocity, u.i is centerline velocity and £ is a dimensionless
coordinate given by:

.11/34._1_ :
y £ 4 o v(ix + xo\ (2) ]

in which J {s the jet momentum, p is the fluid density, v is the fluid
kinematic viscosity, y is the radial coordinate, x the axial coordinate !
measured from the emitter mouth, and x, is the distance within the emitter

y at which the virtual point source origin of the jet appears to be.

For values of x/d < 10, the jet profile is not fully developed and will j
not scale on u/ucl vs £ coordinates. Figure 6 and 7 show this. As the jet

is symmetric, only half of the profiles are plotted with the underdeveloped i
profiles on the right and the fully developed profiles on the left. The

i slight scatter of data in the region 1 < £ < 2 is due to the hump in the |
profile, which does not occur at a fixed value of £. The underdeveloped \

profiles do not scale because they are in transition from a parabolic start
at the emitter mouth, i.e.:

Mooy (&2
=1 (2

(3) ]
cl

which 1s not similar to equation l. It is useful, however, to recast equa- i
tion 3 in terms of £. Equation 3 can be rewritten, with x = 0 at the emitter

1 mouth and with the momentum of the parabolic profile expressed in terms of
] Reynolds number:

= R_ez e
ks ) _
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But x_ = Re d/18 so that £ = 9y/2d for a parabolic profile. Then the term

2y/d in equation 3 can be expressed as 4£/9, and equation 3 can be expressed
approximately as:

el T (5)

This can be re-expre: sed in the form of equation 1 as follows:

u 1 2 1 .2,2 1
r'{(l-zi)(l*’zE)}———

cl (1+%cz)2
or
u 1 .2 1 .2 1 4 1
— = {14+5€N1-5E ~5¢)}) ——s (6)
51 4 A 16 Qs ieh?

in which che term in braces can be viewed as a profile correction factor

for the similarity profile, F({). However, equation 6 becomes iafinite

as § + =, and because of this and because an approximation was included in
equation 5 for convenience, a denominator term is required in the correction
factor and adjustable constants are required. Starting with equation 6, the
following approximation was developed.

1-S¢2 - 2f
ab .2 4 16 ,
F(§) = 1+ = (7)) [ T3 @)
1+& ¢

where, by trial and error, the constants are determined as:

a=1-x/10d
b = 1,1026 (8)

c = 1.2150

Equation 7 is similar to a correction factor developed by Sato [21] for
Bickley's plane jet [2], except that Sato's expression contains a constant
which is a function of Re. Equation 7 is applied to Schlichting's profile

in Figure 8, for four values of x/d. Superposition of these curves on
either Figure 6 or 7 will show the excellent agreement obtained in predicting
the developing profiles.
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3
To determine the magnitude of the velocity profile at any station in |
the jet the centerline velocity is required as a function of x, measured 1
from the emitter mouth outward. This can be calculated (following i
Schlichting [16]) in terms of Reynolds number, gap and virtual origin
1 3 location as: 3
] 2 !
3 o __3BRe" v '
9 Yel 32(x + x ) (9 :
3 (] 1
'r.
p
4 .
E where the factor 8 is the momentum ratio, expressing the ratio of eaitter 1
[ k: mouth jet momentum to the momentum based on average velocity. Thus: i
1 o
{ ] 2o
‘ 3 Jet Momentum = 4st g8/nd”. (10) 1
1 {
| For a uniform emitter profile 8 = 1; for a parabolic profile B = 4/3. Xy
i { J the position of the virtual origin is given for a parabolic profile as x /d = |
o
] o Re/18 and thus: ]
: |
Rezd v 1
g P (Parabolic emitter profile) (11)
. 4 C 8(5. + E)
Rk ? d 18
1 £
] The Laminar Turbulent Jet Transition
1 -
{ The location of the free transition in the jet determines the maximum
A Reynolds number for a given gap at which the laminar portion of the jet will

reach the receiver, and therefore determines the maximum recovered pressure

for that gap. Even though a portion of the jet may remain laminar for an

increase in Reynolds number, the output pressure will fall as the transition

moves inward in the gap, and a turbulent jet reaches the receiver. The

position of the trangition is also very sensitive to the ambient conditions

3 and emitter geometry., Figure 9 illustrates typical output pressure-supply

2 flow behavior with the maximum on the curve corresponding to the jet flow )

3 at which the laminar-turbulent interface has just reached the receiver 4
mouth [4]. The location of this transition as a function of main jet $
Reynolds number is the weakest link in the desiyn of T/A's. No analytical
prediction of free laminar length is presently possible. Figure 10 is a
composite plot summarizing the literature on laminar to turbulent transi-
tion, and illustrates the very broad range of possibilities. (Data from an
additional reference, McKenzie and Wall [27], are nct shown because both
the very low Reynold's numbers and transition lengths place this data in the
lower left of the figure 10 below all other data.) The effect of tube length

{ on free transition length is not clear. The author {4,15] contends that in-
creasing emitter length increases jet transition length weakly, while Marsters

ﬁ- [26], for example, maintains that for fully developed emitter profiles at |

! least, emitter length has no effect. It is clear that shrouding effects |

transition length in a substantial way, but no systematic studies have been
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done to date. Figure 11 is a suggested design limit for free transition
length of round laminar jets from emitter profiles at or near full
development. It is taken from Marsters, Reference [26] and represents
a reasonable summary of pertinent data. Reference [38] presents some
planar data.

Ambient sound has a very strong effect on unshrouded laminar jet

1 length. When the frequency of incident sound falls within the range of
frequencies that the jet can amplify, the jet transition length is signifi-
cantly shortened. Efforts at predicting the stability of laminar flows were
for many years entirely unsuccessful. It has been only in more recent times
that Prandtl, Tollmein and others have had success with predictions of
conditions of neutral stability in parallel flows near surfaces, using the
method of small disturbances. This method, stated briefly, is to postulate
the form of the disturbance as a function of space and time, substitute this
into the Navier-Stokes equations and obtain a fourth-order differential
equation: the stability equation or Orr-Sommerfeld equation. The four
particular solutions of this equation are exceedingly difficult to obtain.
Two can be found from the frictionless case and the remaiiing two aru
usually not found at all, or are found from a subsidiary equation obtained ]
with the first two by considering only the most important viscous terw. 3
From these solutions a curve of neutral stability is obtained, C-shiped in
the wave number - Reynolds number plot. (Wave number gives radians of wave
per unit length.) This is the locus of disturbances that will neither grow
nor decay, and the minimum Reynolds number corresponds to the point at which
no wavelength will grow. It must be understood that the point of instability
is not the point of transition. Amplification of disturbances begins at

the point of instability and continues downstream inducing transiticn, and
the distance downstream obviously depends on both the initial disturbance
amplitude and on the degree of amplification.

i,

This approach has been proven satisfactory for bounded parallel flows,
where good agreement is obtained for critical Reynolds number and neutral
stability but the transition cannot be predicted. The step from bounded
parallel flows to free flows (jets) has been made with great difficulty.
Curle [28] and Tatsume and Kakutani [44) applied the Orr-Sommerfeld 1
Equation to a Pseudo-laminar or non-spreading parallel two-dimensional jet
with moderate success. At high Reynolds number, where laminar jet flow is §

i

nearly parallel, Sato [21] found that the region of transition from slit
profile to similarity profile corrésponded to the region of interest. His
modifications were an improvement, however. Chanaud and Powell [29] measured

curves of neutral stability for a sound excited jet and found them to be i 1
amplitude sensitive; the larger the disturbance, the lower the critical

Reynolds number and the larger the span of frequencies to which the jet was 1|
sensitive. q

In 1962 Batchelor and Gill [30] were able to solve the inviscid sta-
bility equations for an axisymmetric parallel jet. They were able to show
that a point of inflection in the velocity profile was a necessary condition
for growth of disturbances. Such a point always exists for a square profile
at the nozzle where there is a very sharp inflection, and in typical bell
shaped velocity profiles found in the developed jet. It is particularly i
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pronounced in velocity profiles with a ring "hump." They found that the
wave speed of disturbances is either the velocity at the inflection or the
centerline velocity depending on the disturbance. Near the jet orifice,
axisymmetric disturbances (vortex rings) are possible and travel with the
centerline velocity of the jet, otherwise, in the fully developed jet, only
sinuous disturbances will grow and travel at the inflection velocity. This
is discussed later.

From this brief review of some of the pertinent literature we may form
the following expectations:

a) The C-shaped neutral stability curve, typical of analyses in which
viscosity is included, suggests that there will exist a minimum Reynolds
number for an absolutely stable jet above which the laminar jet exists in
a state of transition. Viilu [3]) has confirmed this. 1In a series of care-
ful experimentshe found the critical Reynolds number for the axisymmetric
case to be 11,2 ¢+ 0.7, Above this Reynolds number, the C curve is double
valued, unstable on the inside, suggesting that there will always be a
range of frequencies to which the jet will be sensitive.

We might expect that outside this frequency range, noise would have
little or no effect.

b) We would expect the frequency range of sensitivity to be a weak
function of intensity of the sound.

c) We would expect that the jet stability would be sensitive to the
exit profile for two reasons: First, that square profiles have high shear
rates at they leave the nozzle and are prone to vortex formation, and second,
underdeveloped profiles have higher turbulence levels that have not damped
out in the emitting tube.

d) We would expect that disturbances introduced near the jet origin
would have more influence that those introduced downstream both because the
jet is more sensitive there and because they will have more time to grow.

Sound sensitivity measurements for open, round laminar jets were made
by the author [4] by radiating a jet with sound from an 8 inch speaker one
foot from the jet and perpendicular to it. Reflections were prevented by
absorbtion and the sound amplitude was held constant at approximately 70 db.
The jet sensitivity was recorded only at P° max, at incipient transition,

and this is the worst case condition. Figure 12 shows a typical frequency
sweep versus output pressure plot. As expected, there is a lower and upper
bound on sensitive frequencies at least in the range of 0 to 20 KCPS. For
Figure 12 no frequency below 2150 or above 10,000 cps influenced the jet.

This method of measuring jet response to sound is quite sensitive and is
pertinent to turbulence amplifier technology, but limits the range of
Reynold's numbers tested to those for incipient transition in jets at gaps
between 15 and 50; 1200 < Re < 2700 in this particular study. Figure 13 is

a compilation of all this data for various emitters. The solid bars between
points indicate that the points and all frequencies in between were sensitive,
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the broken lines over several points indicate sensitivity (complete
transition) at the points with partial or no sensitivity in between. Al-
though scattered, the data seem to indicate a very definite upper and lower
limit of sensitivit,. Sato, Reference [21] did a series of experiments
with a high Reynold's number two-dimensional jet, measuring the frequencies
amplified in the jet when it was excited by sound and found the Strouhal
number to be independent of Reynold's number. His Strouhal number was de-
fined as the frequency occurring in the jet, non-dimensionalized with jet
width and centerline velocity. For an axisymmetric jet the jet width,
b~arx and the centerline velocity, Uc1‘¥'1/x 80 b/Uc1 is constant and may

be computed at the nozzle. In the literature on stability it is usually
only the upper limit that is detected. Figure 13 also shows a definite
lower limit but it increases with Reynold's number; that 1s, the frequency
range decreases with Re, contrary to expectation. This is an artifact of
the experimental procedure, because as Reynold's number increases, the free
transition moves in towards the emitter and the gap at which the measurement
is must be decreased, i.e., the geometry is not constant. At the high end
of the scale of Figure 13 the gap is 10 diameters while at the low end, the
gap is 50 diameters. Since

1 velocity o wavelength

STR frequency ¢ diameter diameter

’

the wavelength in jer diameters can be computed along the lower boundary and
varied from 18 diameters at Re = 1500 to 2.5 diameters at Re = 2700. The

gaps at these Reynold's numbers are varying from 50 to 13 for this data in
such a way that along the lower boundary of Figure 13, the gap is only 3-4
times the disturbance wavelength which increases with Re. The behavior of
the lower limit may therefore be due only to insufficient time for growth
of disturbances whose wavelengths are longer than 1/3 to 1/4 of the gap.

The broken line through the lower limit is the curve of transition gap times
Strouhal Number = 3.5; the line on which transition occurs in 3-1i/2 wave-
lengths of the disturbance.

It should be mentioned that enclosing the jet in a shroud will intro-
duce new strong frequencies to the spectrum; the resonances of the shroud
chamber itself. For typical geometries, however, tube resonances are not a
factor as simple calculations show that these frequencies are generally too
high.

Recall Batchelor and Gill's [30] prediction of jet instability by vortex
ring growth and the importance the assigned to the inflection point of the
velocity profile. Re-examine Figure 4 and notice the "humps" in the velocity
profile. Figure 14 is a turbulence intensity profile in the same jet as
measured by Chang [20]. The two curves shown are normalized differently;
with respect to centerliane and local velocity. In either case, notice the
peaks that occur just inside the humps in the velocity profile in the region
of "super-inflection" where the velocity gradient actually reverses. This
"hump" appears to play a role in the control-induced transition as well.
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Figures 15, 16 and 17 are a series of velocity profiles of the same main
jet with increasing control flow. The figures are x-y recordings of
velocity versus position taken in slow constant velocity traverses.
Incipient turbulence shows up as chart painting so that thie figures speak
quite eloquently for themselves and for the importance of the vortex
generated hump at the velocity profile inflection point. Figure 18 shows
corresponding turbulence intensities.

Recovered Pressure in the Jet

Until recently, blocked load pressure recovery has usually been cal-
culated, with very little experimentsl justification, by integrating free
jet total pressure over the receiver mouth area, (e.g., [31-34]), at an
axial location in the free jet corresponding to the receiver position.
Experiments have shown this value to be too low, often by a factor of two or
more, presumably because of secondary flows in the receiver mouth. Because
stagnation pressures are higher near the center of the receiver than near
the edge, some spill flow is to be expected and the centerline total
pressure should predominate. Reid [35] first proposed utilizing centerline
stagnation pressure in pressure recovery calculations and verified that this
was accurate within 6X for turbulent jets with emitter-receiver gaps of less
than 10 diameters. Blocked load pressure recovery for an aligned receiver
is then given by the expression:

1 2
Po =3P u(0) (12)

at the axial location of the receiver, rather than by a complex integral.

The author [4,14,15) confirmed this approach for laminar jets at gaps
of up to 30 diameters, and the same approach has been suggested and used
successfully by Jansen and Winnikow [36) and by Mcllhagger and Markland [11}
for long laminar jets in turbulence amplifier geometries. Generally speak-
ing, the centerline velocity pressure is very slightly higher than the actual
recovered pressure as evidenced by a slight decrease in recovered pressure
with increasing receiver diameter. Careful studies of laminar jet-receiver

interactions similar to those of Reid [35] for a turbulent jet have not been
done.

With the centerline stagnation point of view, the matching of tube and
jet properties necessary to establish the location of the virtual origin,
X, when the emitter flow is not fully parabolic, can also be based on center-

line velocity so that centerline stagnation pressure at the tube exit is
matched to centerline stagnation pressure in the Schlichting jet. Recovered
pressure in the receiver is then given simply in terms of the attenuation of
centerline stagnation pressure in the jet over the emitter-receiver gap, G.
Returning to equation (9) with x = 0, (13) is obtained:

2
u(0) = —3-5-3—‘2’% (13)
[o]
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and the corresponding tube exit centerline velocity is given by (14)

Re )
-2, o4 = Ml o
u(0) A Ao le Ao d (14)

vhere Ao is the centerline velocity factor relating the true centerline

velocity at the emitter «~xit plane to the average velocity. Equating
these yields

x x 32.)
o

[+] Re () Re
a"wa 3 4T KTTEm (15)

(Similar calculations are made for flow, energy and spread angle and are
compared in Reference [4]. The values of K obtained are different for

each. For streamline matching, K = 32/Y38 .) No current matching technique

gives the experimental value of K = 18 for a fully developed parabolic emitter
profile.

The centerline stagnation pressure at the emitter mouth, P

cL io
given by 1/2 p U(O)2 there, or from (14)

1 v Re Ao 2
Pep =20 ) (16)

From equations (9) and (12), with x = g, P becomes:
2
P =1 3 [38 v_Re 32]
0”2 g/d+xjd

2

Forming the ratio of 16 and 17 yields an expression for the recovered

receiver pressure in terms of the centerline stagnation pressure at the
emitter mouth.

P 2 2
o__ (38 Re Re
Po " G2 / ©+ =) (18)

The numerator term is immediately recognized as Re/K (K as given by equa-
tion (15)), so the pressure ratio may be simplified to read:
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A similar expression may be derived for the turbulent jet arising from
control action. For the induced turbulent jet, the region of interest lies
well outside the region of the development of the velocity and turbulence
intensity profile. Deflections of the main jet by control jet momentum may
be shown to be negligible and asymmetries in the velocity profile are
diffused quickly. Boyd and Barbin [37) reported uniform turbulence in-
tensity profiles at 12.8 diameters and full velocity profile development by
16 diameters in jets disturbed by a control at two diameters. Large scale
studies, conducted by Chang [20), confirm these measurements. Normal
emitter-receiver gaps exceed 15 diameters. For these reasoms, the simple
Goertler [16] jet model, modified for a finite source, was used to describe
the "off" jet. This model is identical to the Schlichting laminar jet model
vith a simple substitution of the eddy viscosity € for the laminar kinematic

viscosity, v. As a consequence of Prandtl's mixing length hypothesis, the
eddy viscosity is comstant throughout a given jet and is a function only of
the jet momentum and fluid density. Reichardt [16] deduced the relationship

€ = 0.0161 M/p (20)
The spread angle in jets, defined by the locus of points where the radial 1

velocity is zero in a Schlichting model is given by arcot (v/2) vhere y is
given by the following:

y = [3M/16mpv?) 21) J

In a turbulent Goertler jet v is replaced by €y and with equation 20 be-

comes Y = 15.2. Thus the spread angle is constant in a turbulent jet while
laminar jets get narrover with increasing Re. Laminar and turbulent jets
have the same spread angle at Re = 60.7.

o i Rty oot st

Applying the centerline velocity matching scheme used for laminar jets
the virtual origin is found: ;

%o _ 1.664 Y @2)
d )
o

3

which has a numerical value of 4.42 for a fully parabolic emitter profile,

and of 7.66 for a square profile. Since the control 1is actually two diameters
downstream of the emitter mouth and the location of the transition to tur- l
bulence after the control is uncertain, it may be reasonably assumed that
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the virtual origin of the turbulent jet is at the emitter mouth.

In the induced turbulent jet, the emitter outlet profile is not
affected so that the turbulent pressure recovery can be normalized with
respect to equation (16) as before by normalizing the turbulent centerline
velocity at the receiver location with respect to the laminar emitter
ouilet centerline velocity.

Zeo 72 TURB
u(0) = ————— (23)
x
and
2
2
a() _ 2o Y TURB )
UCL G o Re v
but
€o
— = 0.0139 /8  Re (25)

and after some manipulation:

P
e ey =
CL G 2

This is not a simple function of Reynolds number. Emitter performance, how-
ever, will be shown to be a function of Re/L only sn that B and A are both
functions of that parameter as well. Rearranging:

Gz Po 8
——— - — = 2
21.0P -2 f(Re/L) 7
(o]

a more useful form. One difficulty, however, is that 8/102 approaches
(4/3)(4) = 1/3 as Re/L approaches z2ro, so that P /P does not go to

zero but approaches 41/36 . This is of no consequence in design, however,
because amplifier operation at low Reynolds numbers is unsatisfactory.

The approach just outlined is not the only s: tisfactory approach.
Bendor [5) suggests using laminar theory with Re = 60.7 to predict turbu-
lent jet profiles in his momentum based development. Returning to equation
17 in which xo/d = 0 and Re = 60.8, we can follow the same development to

arrive at equation 28 below:
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or in the form of equation 27:

2
s 41 P 2
; CcL Ao
This differs from equation 27 by a factor of .792 8, a maximum difference of h

: only 57 decreasing to 3% at Re/L = 30. In view of the extreme noise of the
3 OFF jet, the simplest calculation still reasonable is that

P i
| 2==-4 (30)
t" C(L ¢
: ( A completely different but apparently accurate approach to predicting ,
L . laminar pressure recovery was taken by Jansen and Winnikow {36], who de- k
veloped an empirical expression for output pressure in terms of jet exit !
] average stagnation pressure. ]
- E
g |
‘ P -P
1 T = 3.68 (1 - e 0002Re) _ g 04256 (31) 3
5 20U ;
» This expression successfully predicts pressure recovery in their experiments | 8
F ( / (using very long emitters) in the ranges 12 < G < 40 and 1000 < Re < 2300,

4 F No attempt has been made to compare equation 31 to other laminar jet recovery
) data.

As a final comment in this section, it should be mentioned that Mcllhagger :
and Markland [11] present a method for computing PO/P. as a function of Re

Duchout o o0

very similar to the one outlined in this paper, but unfortunately restrict :
their results to PolP. vhirh combines emitter and jet performance. Their

2 T TR e

model, however, is directed at planar amplifiers and represents a good first
step in the anilysis of those geometries.

TV Y
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The Tube Charactoristics

Three of the five basic characteristics specifying the static performance

of a given turbulence amplifier are just tube or duct characteristics. Both ]
the emitter and controls are typically fed from a large passage or plenm at i

) essentially constant pressure and exhaust to ambient. The receiver sees an
(‘ . } ON or OFF jet as its source, and a load impedance determines its output con- 3

ditions. The flow in all of these is a developing flow in which an ini-
tially uniform velocity profile at the tude or duct inlet progressively
approaches a parabolic profile as it moves downstream. The literature on
such flows is abundant and 1s extensively reviewed for flow in round tubes
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in Reference [4]. No closed form solutions are available for either round
tubes or rectangular ducts. Convenient numerical solutions are available,
however, due to Hornbeck [39] for round passages, and due to Han {40] for
rectangular ducts. The development that follows is for round tubes following
References [4,14,15]. It should be clear that similar developments can be
generated for rectangular ducts as well, but this is not done here.

Table 1 shows Hornbeck's results in modified form [14). By inter-
polating in the table, the centerline velocity, momentum factor and pressure
drop are easily obtained for any Re/L. The tabulated pressure drop is the
drop in static pressure from tube mouth to exit. Added to this must be the
Bernoulli drop from plenum to tube mouth, pu?/2, plus any entrance losses
that will occur 1f the tube entrance is not a smooth bell-mouth. PFor the
tests reported in [14], the tubes were interfaced with a plenum at a 60°
semi-apex angle conical borda inlet made by chamfering the inside edge of
the tube mouth with a drill and inserting it 10d into the plenum. For these
entrance conditions the total entrance pressure drop was found to be

2
1.3 (ﬂzl—), corresponding to a discharge coefficient for an equivalent
beveled orifice plate of CD = 0.88, well within the range of values usually

assumed. Chang [20] found the factor 1.3 too large and used 1.0 with good
results.

The centerline stagnation pressure is calculsted from Table 1 by adding
1.3 or another factor appropriate to the geometry to the value in the preasure
drop column and dividing this by the square of the Xo = A(R = 0) entry

corresponding to it. Since the tube exit pressure is ambient, the resulting
number is P./Pcl. 8 1is calculated by numerically integrating the tabulated

velocity profile. Figure 19 is a plot of Ao' 8, K and B/X@2 as functions of

Re/L. Note that for Re/L < 15 the fully developed values may be used withouc
error and Chang's profile correction is valid.

In the case of the receiver, the input is not a plenum but the jet, and
the receiver output pressure-flow relationship will depend on how the jet
approximates a plenum. Generally, the approximation would be a poor one
because under some circumstances receiver flow can exceed jet flow (as it
does in a jet pump). In a turbulence or flow mode amplifier, however, the
gap is typically 20 to 30 diameters and the receiver is very nearly the
same gize as the emitter. Under these conditions the jet profile is quite
flat and many diameters wider than the receiver, so that jet pumping is not
possible. A reasonable working assumption under these circumstances is,
therefore, that the jet will not contribute to the output impedance of the
amplifier. The jet stagnation pressure is assumed to remain constant inde-
pendent of receiver flow. Ir other words, a blocked receiver sees jet stag-
nation pressure as static pressure, but as flow increases in the receiver,
the static component falls and the dynamic components of pressure rises.

As full jet flovw is accepted at the receiver, the jet velocity profile is
disturbed only by the thin walls of the receiver. Assuming an entrance loss
of the same value as experienced by the emitter and controls, the pressure-flow

relationship is found from Tadle 1 by adding 1.3 to the P/l ou2 entries in
2
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the last column, taking P as Pcl - Po and iterating to find a receiver
flow that generates corresponding values of Rc/Lo and P/% pU2 4in the

table. The procedure is outlined more clearly in the design section of
this paper to follow.

Confirmation of Tube and Jet Analysis

An experimental investigation was conducted [4] to confirm the analyses
presented so far. The working fluid for all of the tests conducted was air,
and the limits of basic parameter variation consistent with turbulence
amplifier operation vere set as shown in Table 2,

Table 2: Experimental Limits

Ad

Reynolds Performance poor, < 500 < Re « 3000 < Premature laminar
Number recovered pressures to turbulent 0
excessively low transition in the

emitter or jet.

Emitter Alignment problems < 0.0262 < d < 0.1093 < Velocities and

Dismeter critical for dis- recovered pressure
crete tubes. Photo- excessively low at
etching techniques reasonable Reynolds
required number.

Emitter Small diameters <25 <L <100 < No improvement in

Length, L difficult to amplifier perfor- O
mount and handle, mance but increas-
jet stabilicy ing supply pressure.
degraded

Emfitter- Insufficient space < 10 < G < 60 < Alignment problems

Receiver for turbulent jet critical, jet

Gaps, G development velocities very

low to reach
receiver.

Within these limits, a very large number of measurements were made across the

range of geometries and fluid conditions. In all cases, the amplifiers were
constructed of commercial hypodermic needle tubing aligned in a special three-

axis traversing fixture. Details of the apparatus and experimental procedures

are available in Reference [4]). While not 211 of the geometries considered

can be classified as "useful,"” the intent of the investigation was to O
encompass as broad a variation as was practicable.

Experimental Results

Figure 20 1is a comparison of the emitter performance, PcllP. vs. Re/L,
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(?" as predicted from Table 1 and as measured for five tube diameters and four

s tube lengths, L. Although data is given over the range 5 < Re/L < 80, most
amplifiers operate in the range 10 < Re/L < 40. The agreement shown is
quite good.

Figure 21 presents jet performance data in the form of centerline
stagnation pressure ratio, Po/Pcl, as a function of modified Reynonlds

number, Re/KG. The solid line is a plot of equation 18. The chain-dotted

line 1s fitted to data for L = 50 and 18 in reasonable agreement with the

theory. The dashed line, however, is for L = 25 and diverges significantly

from the theory, presumably because K does not completely compensate for

] the profile obtained from so short a tube. Notice also that the data

1 appear too low near Re/KG = 0. In this region Reynolds number is low and 3
the gap is large so that alignment becomes critical because of the very low ?

velocities in the jet. Any misalignment, in any direction, will always 4

produce low results since the centerline is a maximum value.

g T T T

ey
g

The ratio of output pressure to supply pressure is a frequently

! ( quoted figure of merit for fluidic devices. P°/Ps is the product é

(P,,/P)(P /P ;). It would be expected that: ;
: P ‘:
¢ 1 N = f(Re, L, G) 4
f i s b

but the relation for PCI/Ps is tabulated, rather than in closed form which j

hinders the analytical selection of an appropriate parameter. Despite this
fact, a reasonable correlation can be obtained by plotting Po/Ps vs.

T

Re/KGL within the range of Re, L and G normally encountered in turbulence
amplifier operation. Figure 22 presents this plot. The two solid linec
shown are the calculated values of Po/P8 assuming that G is the largest

N TR Y T L
-
AN

A b ek

possible valve at the given Reynolds number for L = 50 and 100. The
largest possible G is that for which the natural or free transition occurs

! just past the receiver. 1
i f Figure 23 presents the data for the '"OFF'" or turbulent jet recovery g
] i compared to the prediction of equation 27. The choice of the turbulent
1 ’ recovered pressure is somewhat arbitrary because of the long tail on the

Po - Qc characteristic at increasing control flows. The data in Figure 23
is taken at Qc = 3Qc1, a fixed location in the characteristic. (Refer to q
Figure 26 for the location of 3Qc1)' Because the turbulent jet at large E

: gaps is very unsteady and noisy, and the recovered pressure is low as well,
] the data scatter quite badly but at least juntify the analytical approach.

: { Figure 24 compares observed blocked rec:iver pressure with a value A
E calculated from the observed output flow when output pressure is held at s
t zero (ambient). When the receiver is the same diameter as the emitter, 1

A § agreement is excellent, and departs less than 10 for larger and smaller
’ receivers. The receiver performance is self siiilar for a given receiver ]
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length, Lo. wvhen normalized with respect to PO(HAX) and QO(HAX) as shown
in Figure 25. That data is shown for Lo = 25, and the points shown cover

the entire range of Reynolds numbers for the main jet. Foi' increasing
values of Lo’ the curve shown approaches a straight line; ior smaller

values the curvature increases toward an inverted parabola centered on
P /P *=1],
oo

Control Effectiveness

Of all the phenomena associated with the turbulence or flow-mode
amplifier, the induction of turbulerce by a transverse impinging jet is
the most difficult and mysterious to understand and measure. Figure 26
explains the nomenclature used in discussing the output pressure-control
flow (Po - Qc) characteristic associated with this behavior. Although

shown as a smooth curve in the figure, the plunge from Pon to Poff in the
characteristic is very noisy and the region between ch end Qc3 is not

particularly repeatable. For these reasons, the data presented here must
be considered typical rather than absolute. A complete discussion of the
experimental procedure is given in Reference {4]. Only general observa-
tions are given here covering the location of the controls with respect

to the main jet, and variations in performance as a function of amplifier
geometry and main jet conditioms.

Some insight into the physics of this cont 351 induced transition is

found in Figures 15, 16 and 17 with the discussf 'n on laminar turbulent
transition.

The position of the control jets with respect to the main jet center-
line and emitter mouth is the only geometric absolute in turbulence ampli-
fier design, because an easily found optimum exists from which there is no
point in variation. This position is perpendicular to the main jet with
the control nozzle centerline approximately two diameters downstream of the
emitter mouth (offset), and the control mouth set back from the main jet
centerline approximately two diameters. These are shown in Figure 2 as "a"
and "b" respectively. They are explained as follows: with a setback (b)
of less than two main jet diameters, the control interferes with the entrain-
ment of the main jet which then becomes less stable and prone to turbulent
bursts. As setback is increased the control effectiveness decreases
slightly, with Q 1 and Q , shifting slowly to the right. Two diameters
represents a gooa comptoﬁiae in the tradeoff between control effectiveness
and interference. With an offset (a) of less than two diameters the emitter
interferes with the control jet and control is erratic. The output pressure
frequently increases before reaching the upper knee because control flow is
entrained instead of disturbing the main jet (see Figure 16). As offset is
increased, control effectiveness increases to a maximum at a = 1.5 to 2d,
depending slightly on control diamet:r, and decreases thereafter as the
P, - Qc characteristic flattens. This loss of control may be due to the

decreasing portion of the gap in which the turbulent jet is spreading.
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( Figure 29. It can be concluded that control performance is independent of
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Additional experiments indicated that the angle between the control
axis and the main jet axis could lie between 45° and 135° with very little ;
change in control effectiveness as long as the centerline intersection re-
mained approximately two diameters downstream and the edge of the control
tube did not interfere with the main jet.

The remaining degree of freedom in control location is position out
of plane: 1.e., the perpendicular distance between the control centerline
and the emitter-receiver centerline. Figure 27 shows a typical traverse of
the main jet with a control jet in which the control flow was held constant
at the ch detcrmined when the centerlines intersected. The surprising

T Ty r— e

o L e by

conclusion to be drawn from this and other results like it is that the ver-
tical position of the control is very flexible: the centerline ¢f the control
jet may intersect the main jet anywhere, even tangentially.

Sl e o

Supply Conditions

The empirical results presented in this section and those following

-l | i

(. and the conclusions drawn for variations in anplifier geometry and supply '
/ conditions are all with the control at the optimum position, with center- ]
lines perpendicular and intersecting. The data shown are for a particular E
geometry but they are typical of many such tests. ]

Recall that the free transition position i1s a strong function of
emitter Reynolds number and possibly a weak function of emitter length. 3
Figures 28 and 29 indicate that this is not so for induced transition. The i
upper knee control flow, ch, is constant, Figure 28 and for three emitter s

lengths, traces of the P0 - Qc characteristic cannot be distinguished,

the main jet Re/L.

Control Diameter and Emitter-Receiver Gap

As might be expected, control gain decreases with decreasins gap,
probably because of decreasing space available for the development of
turbulence (analogous to sound tests Figure 13). Tests run at constant
output pressure (decreasing Re/L with gap) and with constant main jet Re/L
(increasing Po with decreasing gap) both indicate an increase of ch and

ch with decrease of gap. At gaps less than 15, performance is entirely ]

unsatisfactory because the "OFF" pressure is high and very noisy. As gap
exceeds 20 diameters the Po = Qs characteristics tend to converge somewhat; ]

i.e., further increase in gaps does not bring a commensurate increase in {
control effectiveness. Control effectivness varies more uniformly with
changes in control diameter. Figure 30 illustrates the form of variation.
A very large number of these curves was run to obtain sufficient data for
determining the P° - Qc characteristic.,

As 1llustrated by Figure 31, where two control jets acting simultane-
ously are compared to individual controls acting singly, although the 1
individual controls taken one at a time act very nearly equally, the
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parallel (same side) controls acting simultaneously require very nearly
twice the total flow to reach ch and the opposed controls require slightly

more than twice the single tube flow at ch. Although not shown here,

controls at some angle between 0° and 180° apart around a plane perpendic-
ular to the main jet at a = b = 2 require intermediate values of total
flow at ch. The conclusion to be drawn is that two contrecls in concert are

oo

not twice as effective as one, but each require very nearly the same flow

as they would one at a tine to induce turbulence. This explains the inde-

: pendence and lack of interaction of T/A controls outlined in the introduction.
1

e

Data for Construction of Po - Qc Characteristic

RS R Gy

We have already developed methods for computing the "ON" received
g pressure and the "OFF" recovered pressure and know that Pon occurs with Q,

E near zero and Poff is defined at Qc = 3Qc1 (refer to Figure 26). It re-
. mains to find ch and ch. the control flow at the knees of the P° - Qc

characteristic. Unfortunately, scaling laws are not available for these
conditions. ch can be defined as the intersection of the "ON" pressure

ki i

G

YT

and the line through the rise of the characteristic and, for optimal

1 control location, is a function of control diameter and gap only. Figure
4 32 1s a plot of these data. Although very scattered, the data suggest a
3 straight line relationship between ch and control dimmeter with approxi-

; mately uniform spacing between lines of differing gap. The line shown for
E G = 50 18 estimated. Close examination of the data reveals no systematic
3 dependence between emitter diameter and ch. ch, therefore, appears to

4 be independent of Re/L, and of its factors (p, U, d, v, L) taken individually,
3 although viscosity was not varied.

2ol 4o S

P

To determine Q ., as outlined in Reference [15] (see Table 2, that
reference), where ch is taken as the intercept of the extended character-

istic plunge with the abscissa of the Po - Qc plot, the simple relationship ?
ch = 4/3 ch holds well. The Po - Qc characteristic for air in small dia-
meter tubes can thus be predicted by calculating Pon and Poff and joining :
them by a line from (Pon’ ch) to((P° =0, 4/3 ch). The corners should
than be rounded as shown in Figure 26.

2o P

Yy

Static Design Procedure

The analytical and empirical results presented so far are sufficient to
completely specify turbulence amplifier static performance, at least within
the experimental bounds considered earlier, for control dismeters in the '
range: 0.027 < dc < 0.063 inches. Within those bounds the designer can 4

construct all or part of a set of characteristics depending on his require- f
ments. (Because of the large number of parameters involved, procedures for :
design depend on the initial choice of known and on how many uf the remain-
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ing dependent variables are required.) The following procedures fllustrate
what can be done. No matter what is specified, however, the designer will
almost always have to determine a flow given a pressure drop. The turbulence
or flow-mode amplifier is primarily flow dependent, and iteration is required
to determine a Q given P. The following procedure may be thought of as a

subroutine:

A) Flow Determination given Pressure Drop for a Tube

e

W 0 N O U W N =
.

Start with P, d and & for the tube

Estimate Q from Q = wnd“P/128ut

Calculate Re/L = 4Q/niv

Enter figure (20), find PCL/P (Entrance loss = 1.3)

Enter figure (19), find A, or use 2 for Re/L < 15
Calculate P, = 0.5p (41 Q/2d)*
Calculate P1 = Step 6/Step 4

Compare P, to the initial P, step 1.

1
Iterate as necessary by guessing a new value of Q and
returning to step 3. This converges very quickly because
step 2 is a good estimate.

Suppose the designer specifies Ps and d but is flexible about £ and G.

He will have to choore one or the other to get started and will have to
guess at valves of Eo and dc as well. If the designer specifies £, then

the procedure is as follows:

A) 1
2

11.
12.
13.
14.
15.

16.

Using procedure A, determine Re
Enter figure (11), with Re, find Gma
Choose G < G

max
Enter figure (19), find K, or use 18
l.nter figure (21), with Re/KG, find PolPCL

Using Step 6 in A, calculate Po from Step 5 here
Enter figure (19), find B/AOZ, or use eqn. (30)
Enter figure (23), find Poff’ skip 1f using (30)
Enter figure (32), with dc' find ch
Calculate ch = 1,33 ch, QC(TURB) = 3Qc1
Following figure (26), construct Po - Qc
- 4

Guess Qo(max) wdo P°/128u2°. with Lo decided
Enter A to determine Po’ checking against true value
Sketch P_ - Q

o c

X

Eztsgeﬁ.from Step 2, find Pc1 and Pc3 using ch and 3Qc1 as
Check that P 1 > Poff' otherwise two amplifiers cannot be
cascaded
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17. Enter P,-Q sketch with PcJ’ find Qg3+ truncate Q03/3Qc1'
to nearest integer, the fanout.

1f Po is specified instead of P.. then with G, ¢, dc and d.:

1. Enter figure (22), with a guess for Po/P.
2. Find Re/KGL, compute Re/KL

3. Enter figure (19), and guessing K iterate within the figure
to find Re/L and K satisfying step 2.
4. Enter figure (21) with Re/KG, find PO/PCL

5. Compute PCL
6. Enter fieure (20), find PCL/P., then Ps
7. Calculate Q. from Re
8. Check on figure (11) that G < G-ax
9. Continue to determine other parameters as before
If, in any of these procedures, the original design objectives are not

met, experience is the best indicator of what variables to alter. The most
convenient variable to change is P' because although it changes output

pressure level, it does not alter ch or ch. Poff increases slightly

with increasing supply pressure but this does not necessarily decrease fan-
out because the P° - Q. curve is also shifted. Frequently, but not for all

geometries, there is a best supply pressure for maximizing fanout. Drazan
[10) presents a method of choosing control geometry to maximize fanout by
impedance matching, but it is predicated on the assumption, not proven, that
maximum control power will give best switching.

A Design le
GIVEN: d=0.0476 in
0.0476 in
0.0205 in
30
75
L =25

o 0O
et OO0 o©°
n 8 0

FIND THE CHARACTERISTICS. Lc would normally be included, but the Pc - Qc

curve is omitted from this example because the experimental apparatus used
[4) demanded Lc > 100 and this is not representative.

With increments of Q.. Table 4 is easily calculated, and the P° - Q.
curves are plotted in Figure 33.




? PR

Table &4

Q Re Re/L A K P, :—CL- P, -ﬁ% :L P,
8 cl
400 490 6.5 2.00 15.95 0.325 0.32 1.01 0.88 0.21  0.07
600 735 9.8 2.00 15.90 0.731 .46 1.66 1.32 0.31  0.23
800 980 13.0 1.99 15.85 1.287 0.53 2.43 1.76 0.40  0.52
1000 1225 16.3 1.99 15.80 2.011 0.61 3.30 2.21 0.47  0.95
1200 1470 19.6 1.97 15.79 2.838 .66 ‘.30 2.66 0.53  1.49
1400 1715 22.9 1.96 15.70 3.826 0.72 5.31 3.12 0.57  2.18
O 1600 1960 26.1 1.94 15.60 4.894 0.76 6.44 3.59 0.62 3.0l
= 1800 2200 29.3 1.92 15.50 6.066 0.79 7.68 4.00 0.64  3.88
2000 2450 32.6 1.90 15.40 7.33 0.81 9.05 4.50 0.67  ---—-

The solid points shown are data taken for this geometry.
pressure, Pa is chosen, Po and Qs are immediately established. In Figure

33, Ps =5 ins. H20. so that Qs = 1350 cc/min and Po = 2 ins. H20. Qo(an)

For G = 30: Re(max) = 2250, Qs(max) = 1835 cc/min

is not calculated by trial and error:

Guess Qo(max)
Then Re
Re/Lo

PCL

Ps/PCL

P
]

Result

ch

Try 1

Try 2

1100 cc/min
1350

= 1.77

= 54, A
- 1.92

= 0.88

too high

2.18 ins. HZO

ch = 46.7 and Qc3 = 105 cc/min

1000 cc/min
1225

49, 2 = 1.80
1.63

0.875

1.86 ins. HZO

too low
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Try 3

1050

2.0

oK

is determined from Figure 32: ch = 35 ce/min

If a supply




Q. = 1350 cc/min; Re/L = 22, Ao (Fig. 19) = 1.96
P. = 3.56 and since G2 = 900;

CcL

PO(TURB) - Poff = ,0552.
The Po - Qc curve is coustructed from this data using Figure 26 as a guide.

Dynamics of the Turbulence Amplifier

The relative uncertainty of turbulence amplifier dynamics has long
been its principal weakness. 'The unequal, ervatic and relatively slow
dynamic switching response characteristic of particular turbulence amplifier
geometries frequently offsets their advantages of low power consumption, in-
put feedback isolation load impedance matching capabilities and high power
gain in digital control system implementation" [41]. Their relative slow-
ness arises because of the low jet velocities required for laminar operation
(by Reynolds number limitations), so that the only cure is in decreasing
sfze, It has long been known that turbulence amplifier "switch on" times
are much longer than "switch off" times, and it is the relatively erratic
"switch on" time that creates major problems in parallel coupled switching
circuits.

Although almost every researcher of T/A characteristics has measured
response time and noted the discrepancy between ON and OFF times, only two
caretul experimental studies of T/A dynamics have been found in current
literature. These two are independent of each other [41,42] and form the
basis for the following discussion.

Abramovich and Solan [42] conducted a careful study in both liquids
and air of the dynamics of the centerline velocity of laminar jets whose
sources were suddenly switched on or off. They identified two characteris-
tic times for each case; a pure delay followed by a rise or decay time of
velocity in the jet. Their entire presentation is in the form of empirical
equations based on three non-dimensional variables as follows:

A non-dimensional velocity,

ud

R =
< 2v Re

A non-dimensional distance,

Xt = =X (33)
D/Re

These were were empirically related for steady unshrouded round jets,
200 < Re < 500, for the centerline velocity in the jet as:

1
L™ ~ o T o (34)
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a=1,13, b = 0,89. From this relationship, a non-dimensional time is
ot tained.

2
%2
2vVRe

= 2
t*-%ie— t-{"z‘* +bx*} (35)

which is the time required for a fluid particle to traverse the jet.

or

It is instructive to consider the relationship between the theory
presented earlier in this paper and equation 34. For a parabolic emitter
profile UCL(O) = ZUAVE 80 that Re = UCL d/2v. Thus, U. *(x) from equation

CL
32 is

U., (x)d UCL(x)

cr
VL) = Re " T. 00 (36)

and, from 32, 33, 34 and 36

U () = 2vdRe dv'Re . N
ax + bd/Re
Recall equation 11. For both 11 and 37 to be true,
Re2 v_ _ 2v Re?
8(x + %) x/Re +b Re d
from which, substituting for x, = Re d4/18,
16x + .89 Re d = 1.13/Re x + .89 Re d (38)

(THEORY) (ABRAMOVICH & SOLAN)

This is true only at Re = 200, the lower limit of these experiments.

The dynamic results p~esented in refererce [42] can be summarized as
follows. The switch ON time for a step change in the source of a jet was
so erratic that the rise times of the jet velocity could not be accurately
determined. The two times for which good correlations were found were the
delay time, tD and the time to 70X of the full ON pressure 502" Three

values of each are given: minimum, mean and maximum all of the same form:

11
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t] = cxp? + dxk | minimum 1.17 1.13 1.4 1.3 )
, l mean 1.58 1.48 1.85 1.6  (39) 1
3 trpg* = ex*2 + fx¥ maximum 1.67 2 2.4 1.95 1

The switch OFF time can be characterized as the sum of a delay and a
first order lag.

ty* = . 764x* + .6x#*2

(40)
T* = 1,2x% + ,6x%2 1

For t* < tD*. the jet velocity is given by equation 34. After tD* has

passed, : | :

1 -tk ‘
1.13x* + .89 %P T .2x% + .6x#Z (41) |

U *(x) =

Switching Time Calculations

bt o Sttt

To calculate the time to switch a T/A OFF, the times for two jet
events must be considered. First the control jet must come ON and propogate l
to the main jet. Unless the control setback, b, is very small, this 1is
given by equation 39. Second, the main jet must turn OFF and decay at the { )
receiver, as determined by equation 40. The rate of change of output pressure,

POIPCL can be computed from equatir. 41 sjuared for a blocked load and with

only a knowledge of the load and output impedance of the amplifier othervwise.
To calculate switch ON time, the time for control jet fadeout must be added
to the time for re-establistuent of main jet flow. Again, the control
dynamics are likely to be negligible and equation 39 will probably determine
the range of turn ON times to sufficient accuracy.

e o i e v et oottt

These results for ON time are for unshrouded amplifier, it should be
recalled. Clearly, a shroud will interact with the dynamics of the jet by
1 helping to hold 1t off. Hayes [/41] has shown in a series of experiments in
] air, that shroud diameter has little effect on switch OFF times but has very
significant effects on switch ON dynamics. The delay time increases with
decreasing shroud size except for uselessly short gaps, but the velocity
buildup dynamics decreases with shroud size. The erratic behavior of T/A's
during turn ON can be reduced only by shortening the gap, although its
spread decreases with decreasing cavity dimensions. There are still in-
sufficient date, however, to draw firm conclusions on shrouded amplifier )
performance, and the rather large number of variables makes it doubtful i
that empirical designs can be entirely replaced by theory.

e ———
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(“_; Suggested Avenues of Future Research

First and foremost among the requirements for pencil and paper design
of T/A's is an analytical understanding or at least a normalized empirical
characterization of the effects of shrouding and vent <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>