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ABSTRACT

The level of degradation of antimisting fuel
polymers such as FM-9 which must be accomplished in
order to use antimisting fuel in existing engines
may require the use of cavitation. The hydrodynamic
shear produced by the collapse of vapor bubbles
is capable of producing more splitting of polymeric
molecules than mechanically-induced shear. A
program has been carried out to investigate the possi-
bility of using a cavitating venturi with rotating
flow as a fuel reverter. This investigation included
the effects of a swirl-inducing twisted tape upstream
of the throat, inlet pressure, recovery pressure
ratio and a pintle for varying throat area. A
correlation of the data was produced, system concepts
for using the vortex venturi were investigated and
problem areas were delineated.

INTRODUCTION

The use of antimisting fuel in aircraft can
enhance survivability of passengers in a jet
transport crash. Antimisting kerosene (AMK) in the
form of Jet A with FM-9 contains an additive which
was formulated by Imperial Chemical Industries. The
additive is a polymeric material which supports the
formation of undisturbed ligaments and suppresses
the formation of a mist when the fuel exits a
ruptured tank during a crash at high speed. In the
absence of a mist, combustion of aircraft gas

turbine fuel (Jet A), which has a low vapor pressure,
is suppressed and passenger safety is enhanced.

The ligament stability of AMK precludes its
direct use in a gas turbine engine because of a
tendency for clogging of filters, unacceptable
spray quality of atomizers and reduced heat transfer
coefficients in fuel-oil coolers. A practical
method of degrading the polymer and reverting the
fuel characteristics to approach those of Jet A

is required in order to permit the design of a
reverter which can be adapted for use in the
existing aircraft fleet. A study was conducted at
United Technologies Research Center under subcontract
to Pratt and Whitney Aircraft Commercial Engineering
to review polymer degradation methods and to
investigate candidate reverter principles. The
study was a first step toward defining a practical
reverter.

TARGET REVERTER PERFORMANCE

A major investigation of gas turbine engine
components operating on AMK with various levels
of polymer degradation was carried out at Pratt and
Whitney Aircraft prior to and during the UTRC
reverter study. Two polymer degradation evaluation
criteria were used. For low levels of polymer
degradation, the degradation level was evaluated
by a parameter called filter ratio which is the
time required to pass processed AMK through a filter
relative to filtration time for Jet A. For high
levels, the parameter which was used is called
transition velocity. This parameter is determined
by plotting filter pressure drop vs. velocity and
noting at which velocity a selected value of
pressure drop occurs. Each method was adequately
sensitive over a specific range of reverter perfor-
mance.

A summary of engine component response to
various levels of polymer degradation is found in
Table 1. In reading the chart from lower to upper
levels of transition velocity, it is evident that
combustor performance was poor at low transition
velocity (high filter ratio). Reasonable performance
of filters and atomizers at room temperature was
found at a transition velocity of 5 cc/cm 2-sec
although chilled fuel could only be filtered without
clogging at a transition velocity value of 8-10.
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TABLE 1
REVERTER REQUIREMENTS

Transition 	 Filter
velocity	 ratio 	 Filtration 	 Atomization

10 	 No filter clogging
—20F

8	 Filter clogging 	 Drop size high power
—20F JT9D 	 25% >Jet-A

No filter clogging 	 Drop size low
—20F JT8D 	 power =Jet-A

6.7

5
	

No filter clogging 	 Drop size high power
32F	 40% > Jet-A

Drop size low power
5% > Jet-A

3
	

Filter clogging
4F both engines

2.1

1.5	 1.2	 Filter clogging
40F both engines

0.5 	 3
	

Drop size 50% > Jet-A
Degradation burner
performance at
low power

REVERTER CONCEPTS

A review of possible polymer degradation methods

indicated a number of candidates including chemical

degradation, ultrasonic nozzles, vortex generators,

wire screens, etc. Contact was made with commercial

suppliers of homogenizers, emulsifiers, and dis-

persers and it was found that the principles used
in their devices fell into three categories:

1. Cavitation produced by high-velocity flow.
2. Shear produced by passing the fluid(s)

between stages of multibladed rotors and

stators.

3. Cavitation produced by ultrasonic vibration.
Samples of AMK were processed by suppliers of

equipment in each of these categories and it was

found that cavitation was effective as an AMK
reverter principle while mechanical shear was not

effective. Considerable success in using cavitation

to degrade polymers in solution was described in
Ref. 1.

Polymer degradation in a cavitating environment

occurs during collapse of the vapor bubbles.

Bubble collapse results in extremely high local

pressures and velocities which produce high levels

of shear. Some dissolved gas is necessary to

obtain bubble nucleation sites but extreme amounts

of gas leaving the liquid during bubble growth can

cushion the ultimate collapse of the bubble.
Cavitation is not successful at high liquid tempera-

ture because the evolution of dissolved gas

increases with temperature. The fundamental

physical and mathematical basis for cavitation can

be found in Refs. 2 and 3.

One of the cavitation devices which is manu-

factured by Gaulin Co. was operated over a range

of pressures from 200 to 540 atmospheres and the

resulting transition velocity was found to increase

with pressure. Another device which is manufactured

by Sonic Corporation was run in single and multiple

pass modes and it was found that the transition

velocity increased with the product of inlet pressure

and number of passes through the device. When

Gaulin and Sonic data were plotted together (Fig. 1),

the results indicated that transition velocity

obtained from these devices may be a function of
total accumulated pressure.

Fig. 1. Reverter Performance

THE VORTEX VENTURI

Cavitation in a flowing stream can be produced

by accelerating the flow until the static pressure

is reduced to the vapor pressure of the liquid. In

a cavitating venturi, inlet static pressure at the

relatively low velocity approach section is converted
to dynamic pressure at the throat; the resulting

low static pressure results in the formation of

vapor bubbles. A diffuser follows the throat

section to permit recovery of a considerable

portion of the dynamic pressure as exit static

pressure. Pressure recovery is important because

it economizes on the power expended in generating
the large pressures used in obtaining the levels

of transition velocity shown in Fig. 1. Cavitation

ceases at some point downstream of the throat where

the increased static pressure prevents the existence

of vapor bubbles.
Only the wall area contains vapor bubbles in

an ordinary cavitating venturi. The streamlines

near the wall are curved relative to the streamlines

near the center resulting in a radial velocity
gradient and a low static pressure near the wall.

Since a vortex contains a low pressure area in its

core, an attempt was made to improve the coverage

of bubbles in the throat of a venturi by inducing

rotation in the approach section. To accomplish

rotation, a swirler made of twisted copper ribbon
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was placed upstream of the throat.

A fixed area venturi cannot be used as a

reverter in an aircraft gas turbine. If a selected
inlet pressure produces suitable performance at

engine idle conditions, the large variation in

fuel flow between idle and sea level takeoff would

result in extreme and excessive pressure at the

high flow condition. Tests were performed with

a fixed area venturi and a variable-area version;

diagrams of both versions are shown in Fig. 2.

It can be seen that for a given area ratio, the use

of a pintle reduced the length of the diffuser
while increasing its outer wall angle.

VENTURI WITHOUT PINTLE

5 mm

? 

AREA RATIO =18 7 

f-25 mm
RECEIVING

DRUM

Fig. 3. Vortex Venturi Test Apparatus

VENTURI WITH PINTLE
MAX FLOW

4 m,
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Fig. 2. Pintle Configurations

EXPERIMENTAL APPARATUS

In order to properly evaluate the AMK reverting

characteristics of the device in question, care

was taken in the design of the experimental apparatus

to minimize the reverting effect of the auxiliary

facility components. A schematic diagram of the

apparatus is shown in Fig. 3. Fuel at high pressure

was supplied to the venturi from 95 .2, piston type

accumulator and nitrogen gas from a 163 atm supply

was used as the piston driving fluid. A peristaltic

pump was used to transfer fuel from a storage drum

to the accumulator. In order to eliminate flow

restrictions that might produce polymer degradation,

ball valves were used throughout the system. Pres-

sure gauges were used to measure the upstream

pressures at the venturi inlet, throat, and exit.

Samples of the reverted fuel were diverted to a
high pressure 2500 cc sample container while the fuel
was being discharged into a recovery drum.

Three types of venturis were used in the tests.

A plexiglas venturi was designed and fabricated to

permit visual observation and photography of the

cavitation zones. Because of the cavitation damage

done to the plexiglas surface, a constant area

stainless steel venturi was also fabricated. In

addition, a venturi with an adjustable pintle

which permitted the throat area to be varied was

designed and fabricated. All venturis were designed

to eliminate steps or sudden area changes in the

flow path. As shown in Fig. 2, the venturi which

incorporated the pintle was designed with a 45 °
entrance half angle, and a 20 ° exit half angle.
The pintle used was a sharp cone with a 14 ° half
angle. The plexiglas and constant area stainless

venturi were designed with a 45 ° entrance half
angle, and a 5 ° exit half angle. A twisted copper
ribbon was used to generate vortex flow in all

venturis.

Transition velocity was determined for the sample

by measuring the time required to pass 250 ml of
fuel through the filter membrane in the apparatus

shown in Fig. 4 at various levels of pressure drop.

The apparatus contained a 250 ml upper fuel

reservoir, a polycarbonate filter supported by a

coarse wire mesh screen, a shut off valve, a 3000

ml fuel reservoir, and a vacuum pump. The upper

reservoir was filled with 250 ml of fuel and the

lower reservoir was evacuated to the desired pressure

while the valve was closed. A stop clock was
started at the time the valve was opened and stopped

when all the fuel had passed through the filter.

During the venturi tests, care was taken to

prevent polymer degradation by spurious pressure

drops in the sampling system. Several steps were

required in the process of obtaining a fuel sample.
First, a sample container was filled with the

drain valve closed after target test conditions

were attained. During the initial filling, a
pressure drop occurred between the container supply

3

D
ow

nloaded from
 http://asm

edigitalcollection.asm
e.org/G

T/proceedings-pdf/G
T1983/79535/V003T06A019/4456453/v003t06a019-83-gt-137.pdf by guest on 11 August 2022



250 ml RESERVOIR

8 micron POLYCARBONATE
FILTER

VALVE

TO VACUUM PUMP

VACUUM
GAUGE

line and the partially filled container. The
pressure drop disappeared when the container was
full, and at that point, the drain valve was
slowly reopened. With no pressure drop in the
sampling system, sample collection was carried out
over a period of time sufficient for displacement
of a fuel volume greater than the sample container.
After obtaining the sample the sample inlet and
drain valves were closed and the fuel remaining in
the accumulator was allowed to pass through the
venturi. After each pass, the receiving drum
became the supply drum for the following pass.

Fig. 4. Transition Velocity Apparatus

RESULTS

The experimental results included venturi flow
calibrations, visual observations of cavitation
regions, and evaluation of polymer degradation
performance of venturis. Four units were tested:
two simple plexiglas venturis, one simple steel
venturi and one steel venturi with a pintle fixed in
two different positions. A single twisted ribbon
swirler was fabricated for use in all of the venturis.

Flow Calibrations 

The venturis produced a flow rate of 45 1/min
(12 gal/min) at an inlet pressure of 13 atm and
except in one instance, flow rate was not affected
by the presence of the swirler. In the simple
steel venturi, the effective throat area was
reduced by 40 percent when the swirler was inserted.
Although it was made from the same drawing that was
used in the fabrication of two simple plexiglas
venturis, the angle of the walls approaching the
throat 	 of the simple steel venturi resulted in
a greater effect of the swirler wake on effective

throat area. In the steel venturi containing the
pintle, the swirler had no effect on flow rate.

Visual Observations 

The plexiglas venturis permitted visual obser-
vation of the cavitation region. It was found
that cavitation began close to the geometric
throat and the length of the cavitation region
was increased when pressure recovery decreased.

The cavitation region was longer when the
swirler was in place than it was when the swirler
was removed. It was later found that polymer
degradation improved with longer regions of cavita-
tion. Longer cavitation regions resulted in
delayed bubble collapse which appeared to be bene-
ficial. Perhaps bubble collapse at a higher area
ratio results in a higher collapsing pressure and
hence a less likelihood of cushioning by non-vapor,
gaseous components in the bubbles.

Polymer Degradation 

To evaluate the venturi performance, it was
assumed that polymer degradation (transition
velocity) is a function of energy consumption in
the venturi. Energy consumption (E) is determined
from:

E = 1 (,) AP 	 (1)

where: n = number of passes
= mass flow rate

AP = pressure loss

The pressure loss in a venturi is described by

the relationship:

AP	 Pinlet 	 Pexit
	 (2)

= Pinlet ( 1 - Pexit/Pinlet)
	

(3)

Pinlet (1 - Recovery Factor)
	

(4)

Therefore, for a fixed pressure recovery factor, the
inlet pressure was simply multiplied by the number
of passes and the resulting accumulated pressures
were plotted against transition velocity. The
results obtained with the first plexiglas venturi
at an inlet pressure of 13.8 MPa and a pressure
recovery factor of 0.5 (ratio of exit pressure to
inlet pressure) were similar to the data obtained
from the two commercial units that were tested as
shown by the open circles in Fig. 5. However, the
net pressure expended in the venturi is equal to
the accumulated inlet pressure multiplied by the
term (1- recovery factor) (Eq. 4). The adjusted
data are shown by the dashed line in Fig. 5.
Data indicated by the half-solid circles show that a
reduction in recovered pressure increased the transi-
tion velocity while data represented by the solid
circles indicate that removal of the swirler
caused a decrease.

Following this series of tests, a failure of
the first plexiglas unit occurred. The cause of
failure was not determined with certainty; however,
start of failure appeared.to be in the cavitation
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region where the soft plexiglas surface had been
considerably pitted. A second plexiglas venturi
was fabricated and tests of the second unit were run
at three levels of inlet pressure with a pressure
recovery factor of 0.5. Two significant factors
were found in the data obtained with the second
plexiglas venturi as indicated in Fig. 6. The
data for both units closely followed a single curve.
Furthermore, data obtained at inlet pressures of
8.3, 10.3 and 13.8 MPa all fell on the same curve.
It appears that where cavitation effects predominate,
the accumulated value of inlet pressure is a valid
factor for correlating transition velocity. It
will be shown that a single line holds only data
for a fixed swirler configuration and a constant
pressure recovery factor. After completion of this
series, a crack was noted at the aft end of the
pressure recovery diffuser in the second venturi.

PRESSURE RECOVERY

O 0.3 WITHOUT SWIRLER

O 0.5 WITH SWIRLER
• 0.5 WITHOUT SWIRLER

10 	 20	 40	 60 80 100

PRESSURE LOSS, kPa x 10-3

Fig. 5. Performance of First Plexiglas Venturi

A third venturi was fabricated of stainless
steel and it was found that with the swirler the
effective metering throat area was smaller by
approximately 40 percent than the geometric throat

area. When the swirler was removed, the effective
throat area increased to its anticipated size. The
steel venturi had exceptionally good performance as
shown in Fig. 7. The transition velocity with an
accumulated pressure of 680 atm psia and a recovery
pressure factor of 0.34 to 0.58 was 8-9 cc/cm 2-sec
as compared with the previous value of 6 cc/cm 2

-sec attained at 680 atm. The performance was
reasonably good at a recovery factor of 0.75.
In fact, using Eq. (1) and the fuel flow for the
PWA JT8-D engine at Sea Level Takeoff (SLTO), the
theoretical power requirements decreased with pres-
sure recovery over the entire range of test para-
meters as shown in Fig. 8.

Tests were run with the steel venturi/pintle
configuration with the pintle located in two posi-
tions. With the pintle in the aft position, the
throat was wide open while with the pintle in the
forward position, the metering area was reduced by
a factor of 3. The results are shown in Fig. 9.
A comparison between the open square symbols and the
circular symbols indicate that performance with the
swirler was up to 40 percent higher than performance
without the swirler. The closed square symbols
indicate that pressure recovery factor had a drastic
effect on the pintle in the aft position while the
triangular symbols indicate that pressure recovery
did not affect performance when the pintle was moved
to the forward position. The contradictory behavior
at the two positions cannot be explained without
additional experimental data.
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Fig. 7. Performance of Simple Steel Venturi

Fig. 6. Performance of Second Plexiglas Venturi
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Fig. 8. Theoretical Horsepower Requirement Based on
Steel Venturi Results
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Fig. 9. Performance of Steel Venturi with Pintle

ANALYSIS AND APPLICATION

Results of the filtration tests discussed
previously indicate that a transition velocity of
at least 8 cc/cm2-sec will be required to satisfy
the requirements of existing engines at low fuel
temperatures. With the vortex venturi it was
found that a transition velocity of 8 cc/cm 2
sec is theoretically possible, but this level of
performance will be difficult to attain even with
the vortex venturi in a staged configuration. An
example of pump/venturi staging is shown in Fig. 10.
Three pump stages and 4 venturi stages were used,
and using the performance data of Fig. 5, a
transition velocity of 5-6 cc/cm2-sec was achieved
at a cost of 48 kw at JT8D SLTO conditions.

MAX PUMP AP= 10.3 MPa

LEGEND
8 PUMPSTAGE

VENTURI STAGE

RECOVERY FACTOR 0.5

FROM
—X8 10.310.3 	 5.2 8 15.5 	 7.7 8 18.0 9.0 X4.5—PTOTO
TANK 	 CONTROL

TRANSITION VELOCITY 6 cc/cm 2-sec
ENERGY CONSUMPTION =48 kW

RECOVERY FACTOR 0.75

FROM
—te a 10.3 	 7.7 8 18.0 	 13.5 	 10.1 8 20.4 	 15.3 	 11.5 —I.- TO
TANK 	 CONTROL

TRANSITION VELOCITY 6 cc/cm2-sec
ENERGY CONSUMPTION =48 kW

Fig. 10. Multiple Venturi Concept

There are a number of practical problems that
must be addressed in a reverter development program.
Continuous flow variation must be achieved over a
very wide range of flow; if multiple venturis are
used, they must be carefully matched to achieve

the required flow and pressure variation. A multi-
stage pump/venturi package may require considerable
volume and it may be difficult to transmit 48 kw
to the package. It would be very desirable to
reduce the volume and power requirements of the
reverter. Special controls will be needed to maintain
proper position control of pintles in venturis;
controls will also be needed to meter the required
engine fuel flow through the venturi/pump system.
Cavitation damage is also a problem. Reverter
designs must be sufficiently rugged and proper
materials must be chosen in order to assure suitable
lifetimes. Care must also be taken to avoid excessive
temperature rise in the fuel because high temperature
suppresses reverter performance and also can produce
varnish and coke deposits in the engine fuel injec-
tors. Special attention must be paid to certain
engine operating conditions where there is limited
power extraction capability in the engine such as at
altitude relight conditions. Power requirements
for the reverter must be kept to a minimum in order
to cope with these special engine conditions.

6

D
ow

nloaded from
 http://asm

edigitalcollection.asm
e.org/G

T/proceedings-pdf/G
T1983/79535/V003T06A019/4456453/v003t06a019-83-gt-137.pdf by guest on 11 August 2022



CONCLUSION

The study of antimisting fuel reverter concepts
has indicated that a cavitating device can be used
to achieve a transition velocity level of 8 cc/sec-
cm2 but the power and volume requirements of a staged
system satisfying JT8D SLTO fuel flow are excessive.
It may be possible to reduce the power requirement
by an improved vortex venturi or by an alternative
device. A considerable amount of further analytical
and experimental work will be required, however, to
define a practical reverter that is airworthy and
satisfies the entire flight spectrum of the aircraft.
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