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Underwater Hovering Control with Fluidic Amplifiers
FABIO R. GOLDSCHMIED*

University of Utah, Salt Lake City, Utah

Hovering control of underwater vehicles requires both hydrostatic and hydrodynamic
means. Fluidic amplifiers, particularly the axisymmetric focussed-jet design, are well
suited for both control means because large flows can be switched on and off fast without
water hammer in the pumps and piping system. A preliminary experimental investigation
has been carried out with an axisymmetric amplifier at supply pressures up to 75 psig and
flows up to 200 gal/min. Pressure recoveries over 50% and flow recoveries up to 150% have
been measured. Thrust ratios over 80%, on the basis of propulsive jet thrust of equal fluid
power, have been observed. Dynamic switching times have been measured from electric
signal to thrust output; switching on requires 300 msec and off requires only 100 msec. On
rise times are of the order of 100 msec while off decay times are less than 20 msec.

Nomenclature

P8 = diverter's supply pressure, Ibf/in.2

Po = diverter's output pressure, Ibf/in.2

pa = diverter's ambient (return) pressure, Ibf/in.2

pc = diverter's control pressure, Ibf/in.2

Qs = diverter's supply flow, ft3/sec
Qo = diverter's output flow, ft3/sec
QC = diverter's control flow, ft3/sec
Cpc = (Pc - Pa)/(Ps - Pa) = Coanda suction coefficient
CQ = PSD4/pQs* = supply flow coefficient
D = diverter's supply inlet diameter, ft
A = cross-sectional area, ft
v = volume, ft3

r = radius from center of rotation, ft
V = fluid velocity, fps
V' v = tangential fluid velocity, fps
F = force summation, Ibf
M = torque summation, ft/lbf

— diverter's thrust, Ibf
= reference jet thrust, Ibf

y = T/ To = propulsive ratio of diverter
CT = T/PsD2 = diverter's thrust coefficient
p — fluid mass density, Ibfsec2/ft4

v = fluid kinematic viscosity, ft2/sec
cs = control surface for double integration, ft2

cv = control volume for triple integration, ft3

1. Introduction

HOVERING control of underwater vehicles requires both
hydrostatic and hydrodynamic means. The first re-

quires exact and timely shifting of ballast (water) among
several buoyancy tanks. The latter exploits the dynamic
effects of flow for the generation of precise thrust and torque
pulses.

The generation of linear thrust by means of flow is governed
by

F = V(PVdA) + V(pdv)

This equation relates the sum F of the force distribution to
the rate of efflux of momentum across the control surface plus
the time rate of change of momentum inside the control
volume. Generally, only the first right-hand term has been
exploited for generation of steady-state thrust. The potential
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usefulness of transient flow within the vehicle, the second
right-hand term, has been neglected because of severe water-
hammer effects.

Similarly, the generation of a rolling torque by means of
flow is governed by

M =

Again, the terms on the right-hand side represent the efflux of
moment-of-momentum through the control surface plus the
time rate of increase of moment-of-momentum inside the
control volume, where both quantities are observed from the
control volume. The well-known "fluid flywheel" exploits
the second right-hand term and provides torque pulses with-
out mass efflux.

Fluidic amplifiers offer a new underwater control technology
with improved reliability and much faster response. The
axisymmetric focussed-jet amplifier appears particularly
suited. The pneumatic version of this amplifier is well
known and has been described in popular survey articles1'2
and technical books.3'4 A general discussion comparing
basic features of axisymmetric and planar amplifiers is given
by Fox and Goldschmied,5 including the first description of the
focussed-jet axisymmetric monostable amplifier as invented
and developed by the present author. The basic hydrody-
namic principles of operation, the assembly design, and stain-
less steel fabrication are described by Goldschmied,6 together
with pneumatic digital control applications. Furthermore,
dynamic testing methods for the amplifier in the NOR and
NAND digital logic function have been proposed and pre-
sented by Goldschmied7 together with preliminary experi-
mental results. Input/output switching times of 0.5 and
0.25 msec have been documented by Goldschmied6'8 at 5-psi
pneumatic supply pressure as against 2 msec for a comparable
Corning Glass Works planar NOR gate (catalog no. FD
2-4-3730).

All of the aforementioned effort1"8 was directed to low-
pressure (3-15 psi) pneumatic operation for digital NOR logic
application with objectives of minimum size and weight,
minimum fluid power requirements, and maximum switching
speed; the major part of the engineering development was
funded by NASA Marshall Space Flight Center | and is reported
in Ref. 8. More recently, it has become apparent that large
hydraulic diverters comprise a most important application for
the axisymmetric amplifier since their use makes possible very
fast switching of large liquid flows without concomitant up-
stream water-hammer pressure surges.

f Contracts NAS 8-11236 and NAS 8-20102 under the tech-
nical supervision of M. A. Kalange, Astrionics Laboratory.
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Fig. 1. Cross section of hydraulic axisymmetric focussed-
jet diverter.

This paper presents a preliminary experimental investiga-
tion of the hydraulic amplifier, both as a flow diverter and as a
thrust control device for potential underwater hovering con-
trol application.

2. Hydraulic Amplifier Development

The development of the large hydraulic axisymmetric di-
verter was based on the geometry of the small pneumatic am-
plifier given in Fig. 1.2.3.-1 of Ref. 8. Its size was arbitrarily
increased fivefold, and a preliminary plexiglas model was
built and tested by Karimi9 at the University of Utah as a
graduate thesis project. Even at low supply pressures of the
order of 35 psi, a standing cavitation bubble was observed
within the control body cavity, caused by the high suction of
the annular power jet. A pneumatic pressure input was quite
effective in providing fast and "clean" switching action.
Another observation made during these preliminary tests
was that a substantial transient thrust was obtained along
the amplifier's axis with the on and off flow switching.

OUTPUT
FLOW Q0

PA ( £ AMBIENT PRESSURE)

HYDRAULIC DIVERTER

Fig. 3 Experimental test layout of hydraulic diverter in
open flume.

Following this preliminary phase, a design study was carried
out in the summer of 1966 at NASA's Marshall Space Flight
Center J to produce an advanced version of the same hy-
draulic amplifier of minimum over-all size and weight and
capable of withstanding over 200-psi supply pressure (see
Goldschmied and Kalange10). Hard-anodized aluminum and
stainless steel were employed in fabricating the amplifier.
Its cross section is shown in Fig. 1. The maximum diameter
is 6.00 in. and length is 11.00 in. Both the supply and the
outlet diameters are 2.00 in. The six major parts identified
in the cross-sectional layout can be fabricated on conventional
machine tools. Figure 2 displays the diverter assembly
(upper) and the exploded view (lower).

Flow Testing

Using the amplifier by NASA, a test program was carried
out at the Hydraulic Laboratory of the University of Utah.
The steady-state test arrangement is shown in Fig. 3. The
amplifier is submerged in an open-channel flume which re-
ceives both the on axial discharge and the off radial flow re-
turn. The hydraulic steady-state performance is presented
in Fig. 4 in terms of the dimensionless ratios P0/PS and Q0/QS.
It is seen that the output pressure is practically constant from
blocked load to 90% supply flow. This is called the throttled-
flow regime and it exploits a curved jet to maintain constant
pressure regardless of flow rate. A sketch of the flow patterns
is given in Fig. 5. After the 90% flow point, the jet is "swal-
lowed" and cannot maintain its curvature. This is called
the through-flow regime and it exhibits a fast pressure drop
with increased flow (unlike the previous regime).

The Coanda attachment bubble must be considered in re-
gard to its suction as a function of the output load. A gooc
fluidic amplifier will be insensitive to load and the Coanda
suction coefficient will be independent of load. Experimenta

-SUPPLY PRESSURE RANGE' ——
40 PSI < Ps < 75 PSI

SUPPLY FLOW RANGE1

0.32 CFS <QS <0.45 CFS

FLOW RECOVERY 7-?Qs

Fig. 4 Output performance of hydraulic diverter.

Fig. 2 Hydraulic axisymmetric diverter assembly (upper)
and exploded view (lower). ASEE/NASA Summer Faculty Fellowship.
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Fig. 5 Sketch of flow curvatures in throttled-flow regime.

data are given in Fig. 6, where Cpc (negative pressure) is
plotted against the output flow ratio Q0/QS. It is seen that,
indeed, the Coanda suction is not affected by the output load
and the amplifier is completely stable up to blocked load.
The steady-state tests were carried out from 40 to 75 psi;
similarity holds and there is no upstream water-hammer
as switching is accomplished by pneumatic input of sub-
stantially atmospheric pressure (less than 10 psi) through a
J-in.-diam line.

Thrust Testing

After the flow test phase, a thrust test program was carried
out with the same amplifier in the open-channel flume. A
hydraulic thrust-pendulum test stand for installation over the
flume was designed and constructed. The complete assembly
is shown in Fig. 7 with the flume empty. Water flow at up to
80 psi is introduced at the pendulum pivot point through a
low-friction, 0-ring rotating joint, A Statham model UL-4
200-lbf load-cell was used with an analog readout model UR-5
and a dual-beam Tektronix oscilloscope. Control air is in-
troduced via a 28-v, 10-w solenoid valve at the top of the test
rig. The electric solenoid voltage is considered as system in-
put and thrust as output.

Figure 8a shows the fluidic diverter installed and operating
in the flow condition in the open-channel flume. The trace
of the axial output jet is clearly visible. Figure 8b displays
the diverter in the fully off flow condition with all the flow
exiting radially and no axial output.

It has been seen in Fig. 4 that a substantial pressure loss is
encountered in going through the diverter, i.e., the pressure
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recovery is about 50%. By the same token, the diverter's
thrust will be less than that of a propulsive nozzle sized to
accept the same supply flow Qs at .the given supply pressure
Ps; the criterion of comparison is chosen to be the fluid supply
power PSQS available for generation of thrust either through
the fluidic diverter or through the conventional valve and
nozzle.

Figure 9 shows supply pressure Ps plotted against the sup-
ply flow Qs for the diverter and for a nozzle of 0.875-iu.-diam.
This nozzle was one of the set employed to effect the output
load on the diverter. The two curves (diverter and propul-
sive jet) are equivalent with regard to flow, pressure, and,
therefore, fluid power demand.

In Fig. 10, thrust is plotted against supply pressure for
several propulsive jets (nozzle diameters 1.415, 1.218, 1.00,
0.875, and 0.710 in.) and for the amplifier with three output
load nozzles (1.00, 1.218, and 1.415 in.). The nozzles are the
same, whether employed directly for the propulsive jet or in-
stalled as a load device on the amplifier.

The thrust comparison at equal fluid supply power is made
between the 0.875-in. nozzle line and the 1.218-in. diverter
line (maximum thrust). A substantial thrust loss can be ob-
served between the two. As a matter of interest, the maxi-
mum diverter thrust line agrees well with the 0.710-in. pro-
pulsive nozzle line.

The propulsive ratio of the diverter is defined as the ratio
of its thrust to that of the 0.875-in. nozzle at the same supply
pressure and, therefore, at the same supply power. This
ratio is a function of the amplifier output load or output flow
ratio Qo/Qs and is affected by the supply pressure, as seen in
Fig. 11. The peak occurs at Q0/QS = 1.0 with an output noz-
zle of 1.218-in.-diam.

OUTPUT FLOW RATIO, QO/QS

Fig. 6 Control pressure coefficient vs output flow ratio.
Fig. 7 Thrust test stand with fluidic thruster in empty

flume.
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The diverter must operate submerged and, therefore, all
thrust measurements comprised a submerged output jet. For
the propulsive jet data, on the other hand, measurements were
taken with the liquid jet submerged both in water and in air.
The same thrust was measured in both cases for a given pres-
sure differential across the nozzle.

The ideal one-dimensional momentum thrust has been com-
puted for the propulsive nozzles from measured flow rate
and measured nozzle area, assuming uniform nozzle velocity.
The experimental thrust data are approximately 60% of the
ideal values.

If an estimate is to be made of the actual diverter thrust-
extrapolated to large sizes and deep submergence, then it
should be increased to match the theoretical momentum
thrust. This would not alter Fig. 11, since only thrust ratios
are presented.

Dynamic Switching Tests

The principal characteristic of fluidic amplifiers, such as the
present axisymmetric device, is the ability to switch flow on
and off rapidly without moving or deforming mechanical
parts. This dynamic switching was investigated following
the steady-state thrust tests with respect to input/output
switching times, thrust rise times, and decay times.

The input instant is taken as the initial signal from the
28-v, 10-w activation circuit for the solenoid valve controlling
the pneumatic input to the amplifier. Output is taken as the
thrust itself. Input/output time is defined from the elec-

a) "On " flow condition

b) "Off" flow condition

Fig. 8 Fluidic Thruster in hydraulic flume at 75-psi
supply pressure.

02 0.3

SUPPLY FLOW, Qs, CFS

Fig. 9 Supply presssure and flow of hydraulic diverter and
of propulsive jet.

trical step (zero rise time for this purpose to 90 or 10% full
thrust). In case there is a transient force during the switch-
ing, then the 90 or 10% applies to the transient peak. The
thrust rise time is denned from 10 to 90% of the peak force.
Similarly the decay time is defined from 90 to 10% of the
peak force.

Figure 12 shows a typical switching time pattern for the
tests. The upper trace is the output thrust signal and the
lower trace is input electrical signal. The switching is com-
manded manually at 0.5 cps. The supply pressure is 60 psi
and the load on the amplifier is provided by an output nozzle
diameter of 1.415 in. Although this nozzle gives less than
maximum thrust, as seen in Figs. 10 and 11, the switching
phenomenon is considered more difficult at the higher flows
and, therefore, the test is more severe.

Figure 12 shows one cycle in greater time detail at the same
pressure and load. The off input/output time appears to be

SUBMERGED PROPULSIVE
JETS-NOZZLE DIAMETER

AS INDICATED

7Ti7

1.218'
/

/

HYDRAULIC DIVERTER
LOAD NOZZLE DIAMETER
AS INDICATED.

1.000"
•
/

10 20 30 40 50 60 70 80 90
SUPPLY PRESSURE, Ps, PSIG

Fig. 10 Steady-state thrust map for hydraulic diverter
and for propulsive jets.
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Fig. 11 Steady-state propulsive ratio of hydraulic diverter
vs output flow ratio.

100 msec while the on input/output time is much longer, of
the order of 300 msec. The on rise time is less than 100 msec
while the off decay time is extremely fast, less than 20 msec.

3. Hovering Control Applications

Hovering control of hydrospace vehicles is important in
many applications. It can be accomplished by modification
of the mass distribution of the hydrospace vehicle (i.e., by
pumping water from one buoyancy tank to another) and it
also can be achieved by dynamic means involving fluid mass
ejection and transient flow within the vehicle.

Hydrostatic Control

The axisymmetric amplifier is well-suited to provide hy-
drostatic hovering control because it can start and stop large
liquid flows very fast, reliably (no moving parts), and without
upstream water-hammer.

For system engineering, the following information is re-
quired: 1) geometry of the amplifier (see Fig. 1); 2) supply
flow requirements (see Fig. 9) and flow coefficient, CQ =
PsD4/pQs

2 = 0.00121; 3) steady-state hydraulic output perfor-
mance (see Fig. 4); 4) switching times, both on and off (see
Fig. 12); and 5) typical tank installation, as shown in Fig.

a)
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-ELECTRIC
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TIME (SECF

Fig. 12 Dynamic thrust of hydraulic diverter (Ps
psi, 1.415-in. nozzle diam).

= 60

Fig. 13 Typical tank
installation of hy-
draulic diverter with
pneumatic control.

13. The minimum operating supply pressure Ps has been
found to be about 30 psi. A maximum has not been de-
termined, as yet, beyond the 75-psi level.

Hydrodynamic Control

Hydrodynamic controls may be classified into steady-state,
mass-ejection devices that produce steady thrust, and tran-
sient-flow, nonejecting devices that produce thrust pulses.

Mass ejection devices

For the first category, the axisymmetric amplifier as a
thrust control device may be modified, compared to the flow-
control version, by eliminating the diffuser section. The final
version of such a device is shown in Fig. 14. Its over-all
dimensions are only 5j-in. length and 6-in. diam with the inlet
still 2-in. National Pipe Thread (NPT) and the outlet reduced
to 1.218-in. diameter. The engineering information required
is as follows:

1) Thrust coefficient CT* = T*/PSD* = 0.212. The
thrust T* is the optimum test value extrapolated to larger
nozzles (Reynolds numbers) and deep submergence (see Sec.
2 "Thrust Testing"). The characteristic length D is the inlet
diameter where the supply flow enters.

2) Supply flow coefficient CQ = PSD*/PQS
2 = 0.00121.

Note that Qs is not affected by switching amplifier on or off.
3) Propulsive ratio 77 for thrust T0 of a nozzle with up-

stream butterfly valve set to require equal flow rate at the
given pressure (see Fig. 11); 77 = T/T0 ^ 0.80

4) Over-all geometry (see Fig. 14).

Fig. 14 Final configuration of axisymmetric thruster.
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Fig. 15 Ideal flow and
torque of fluid flywheel.

TIME (SECONDS)

TIME (SECONDS)

Nonejecting devices

For the second category, the fluid flywheel is the best known
application for roll control of an aerospace or hydrospace ve-
hicle. It produces torque pulses as the flow within a closed
fluid loop is accelerated or decelerated. Figure 15 is an
idealized picture of flow and torque vs time. A demonstra-
tion of a fluidic flywheel is reported by Goldschmied and
Kalange10 for a pulsatile fluidic heart pump described by
Goldschmied, Prakouras, and Nelson.11 Figure 16 shows a
50-in.-diam double loop of 0.75-in.-diam Tygon tubing con-
nected with the centrally located heart pump. The entire
assembly and the supporting turntable (350-lbf weight) were
mounted on a high-grade, rotating air-bearing operating at
85-psi air pressure. Thus, a very high ratio of inertia to
friction was achieved, simulating the rolling motion of a ve-
hicle in space.

The heart pump (driven by a fluidic flip-flop operating with
compressed air) produces fairly sharp flow pulses vs time, as
shown idealized in Fig. 15. Correspondingly, there will be a
torque pulse (positive or negative) for the flow rise or decay.
The positive torque pulse would start a vehicle into angular
motion. After a time increment, the negative torque pulse
stops the motion. After a complete cycle, no net energy is
gained but an angular displacement is achieved.

Operating the heart pump at about 35-psi supply pressure
resulted in a displacement of about 2° per flow pulse. The
same effect can be achieved on a far larger scale using a con-
ventional steady-state centrifugal pump and the axisym-
metric amplifier to turn the flow on or off as desired.

4. Conclusions

The hydraulic version of the axisymmetric focussed-jet
fluidic amplifier is applicable to underwater hovering control
through 1) hydrostatic buoyancy control, 2) hydrodynamic
linear thrust control, and 3) fluid flywheel roll control. The
hydraulic pressure recovery is over 50% and the propulsive
ratio over 80%. Switching is quite fast, of the order of 0.10
sec, and without upstream water-hammer effects.

To pinpoint specifications of actual hovering control de-
vices, a preliminary design effort is needed. This can be done
using information in this paper, together with the analysis of
Strumpf12 of the hovering response in an ocean current of a

Fig. 16 Fluid flywheel roll-control demonstration.

streamlined hull with stern propeller, bow and stern thrusters,
mercury fluid flywheel, and tail empennage.
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