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SECTION I

INTRODUCTION

A. OBJECTIVE

The purpose of this project was to provide the U.S. Air Force with design

data and a prototype of a fuel-additive system capable of reducing plume

opacity during testing of a jet engine in a test cell.

B. BACKGROUND

Jet engines are tested in a test cell after servicing and before placement

in an aircraft. Certain jet engines, J-57, J-79, and TF-33 in particular,

generate soot which exits the test cell in a plume of greater than 20 percent

opacity (Ringelmann number of 1 or greater). This opacity exceeds the opacity

limit (20 percent) set by the Environmental Protection Agency (EPA). The U.S.

Air Force has previously funded projects that found two jet fuel additives,

ferrocene and cerium octoate, that reduce the plume opacity,

C. SCOPE

The scope of this project included the design, construction, and testing of

a prototype fuel-additive system. The following report describes the fuel-

additive system requirements, design parameters, design, fabrication, and

testing of the prototype system. The prototype fuel-additive system, properly

built and operated, will provide the U.S. Air Force a means of testing jet

engines in test cells while staying within EPA opacity limits., The fuel-

additive system is simple and easy to construct and operate.

1
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SECTION II

FUEL-ADDITIVE SYSTEM REQUIREMENTS

A. FLOW RATE

The purpose of the fuel-additive system is to provide a means of injecting

a metered amount of fuel additive into the jet fuel line just before it enters

the jet engine. The additive is injected into the fuel line as close to the

engine as possible to reduce the time required for the additive to physically
reach the engine. The additives are expensive and are required only at
specific times for certain engines; premixing the additive in he fuel tank is

thus, impractical. Based on the past studies, the highest fuel additive flow
rate was 0.4 gal/min for ferrocene and the lowest was 0.04 gal/min for cerium

octoate (Reference 1). The fuel-additive system flow rate range requirement
was set at 0.0 to 0.5 gal/min for the prototype system design. The flow should

be adjustable and should be able to remain constant during changes in the fuel

system pressure.

B. PRESSURE

The jet engine fuel line pressure typically is 35 to 40 pounds per square
inch, gauge (psig). The fuel-additive system should exceed this pressure to

inject the additive into the fuel line. The pressure requirement for the

prototype fuel-additive system was set at 50 psig. This value ensures

sufficient pump capacity for the additive system.

C. HARDWARE

The system design requirements included other considerations, such as

material compatibility with the additives, additive viscosity, and system

features including automation, ease of use, system condition readouts, and

environment and location of the system. The active ingredients in the

additives are carried by organic solvents which deteriorated seals and gaskets.

Viton@ was shown to be an acceptable elastomer and seal material in a past

3



study (Reference 1). Stainless steel and Teflon* have been shown to be

acceptable construction materials.

The viscosity of the additives is important in sizing the pump,

filters, and fuel-additive lines. Correct sizing eliminates excessive pressure

drop. The past studies by the Aircraft Environmental Support Office and the

Naval Air Propulsion Center recommended a minimum line size of 3/8-inch
(References 1 and 2).

The location of the fuel-additive system dictates the type of

electrical equipment required for safe operation of the system. The system was

to be located indoors in an environment that did not require the electrical

equipment to be explosion-proof.

4



SECTION III

FUEL-ADDITIVE SYSTEM DESIGN

A simplified fuel-additive system schematic is shown in Figure 1, which

shows the major components and interfaces of the system. The fuel-additive

system meters fuel additives from a 55-gallon drum to the jet fuel line of the

engine being tested. Additive flow and pressure are monitored. A flowmeter

provides input to a process controller, which in turn regulates the fuel-

additive pump.

The metering pump is the heart of the fuel-additive system. The pump can

be a positive displacement pump with variable speed to regulate flow or it can

be a centrifugal pump with a flow control valve to regulate flow. At the

desired low 0.01-0.4 gal/min flow range of the fuel-additive system and the

wide turn-down ratio of 40 (0.4/0.01), the most flexibility and ease of

operation is achieved by use of a variable speed positive displacement pump.

To eliminate pulsed flow, a gear pump was coupled with a variable speed motor

accepting a 4-20 mA control signal. The pump was a Tuthill DCM 9045-MC seal-

less high torque magnetic drive gear pump with a flow range of 0-40 gal/hr

(0.67 gal/min) for 70OF water at a differential pressure of 140 psi. The pump

is a 316 stainless steel body with nickel alloy stainless driving gear and

carbon/Teflone filled Ryton* driven gear. O-rings are Teflon* and the bearings

are carbon/Teflon0 filled RytonO. The inlet and outlet pump connections are

1/8-inch pipe threads.

The flow sensor selected was a positive displacement flowmeter. A positive

displacement flowmeter was selected due to the low flow rates expected and the

results of past studies with fuel additives using the same type of flowmeter

(Reference 1). The floweter selected was a series 214-301 "'Max" positive

displacement flowmeter, equipped with a 276-525 analog flowmeter transmitter.

The transmitter generates a 4-20 mA signal for input to a process controller.

The process controller takes a 4-20 mA signal from the flowmeter and

generates 4-20 mA signal in relation to the flowmeter input to control the

variable speed gear pump. The controller selected was the Honeywell UDC-3000,

a microprocessor-based stand alone controller. It offered flexibility and ease

of use. It was ordered with a secondary input option to allow for either ratio

5



C.-Y

0>

.4

L -L

U E c

0 t o Co
LL. LLLL doi

UlU

0
L * L
4) > E

ci 4 0J
0 CL

aUU
u~ - L 4-

L )L

L 3-V-
-D-Do

* L.

La..Lf



control in relation to the amount of fuel flowing to the engine or for
interface with the test cell controls. The secondary input option was not used

in this project.

The remainder of system design consisted of selecting materials to plumb

the pump and flowmeter to the fuel-additive drum and the jet fuel line. A
check valve was placed in the fuel-additive line, near its connection to the
jet fuel line to keep jet fuel from flowing back into the fuel-additive system.

Valves were placed in the fuel-additive system to allow servicing. The valves,

check valve, and other plumbing fittings are shown in Figure 2. A bypass line

around the flowmeter was installed to prevent damage to the flowmeter during
priming of the pump and flushing of air from the system. Filters were
installed in front of the pump and flowmeter to protect and remove particulate

material coming from the fuel additive. The filter element sizes were based on

the clearances of the gears in the pump and flowmeter. The flowmeter
clearances between the piston and the cylinder bore are typically 0.0002-0.0004

inches, and the manufacturer recommends a 10 micrometer filter be installed
upstream of the flowmeter to protect it from particulate matter. The seven (7)

micrometer filter was selected for the preflowneter filter because of its

availability. The prepump filter was sized at 15 micrometers to protect the

pump from particulate matter that may be in the fuel additive. Sixty (60)
micrometer filter elements were ordered if problems developed form the use of

the smaller filter element sizes.

The line sizes used were based on the flow rates desired, liquid
viscosity, and sizes readily available. One-half inch tubing and fittings were

used up to the pump inlet. Three-eighths-inch tubing and fittings were used

downstream of the pump, except for the flex line, which was 1/4 inch. The flex

lines were available locally only in 1/4-inch or 1/2-inch diameters; otherwise,

3/8-inch lines would have been used.
The process controller was placed in a separate metal box, along with the

variable speed motor control unit and the required switches and power supplies.

The wiring diagram for the fuel-additive system control box is shown in Figure

3.

7
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Table 1 lists the equipment used in the fuel-additive system, along with
model numbers, part numbers, and costs. The manufacturers listed are not
necessarily the recommended manufacturers, but those who either hcr the
equipment in stock, or could produce it quickly. The schedule for the project

required that the fuel-additive system be designed and fabricated in 8 weeks,
resulting in the selection of in-stock equipment items.

The fuel-additive system, as built, is shown in Figure 4, which shows the

pump in the foreground and the dip tube into the 55 gallon drum of additive in

the background. Figure 5 shows a side view of the pump and flowmeter. A
closeup of the dip tube assembly is shown in Figure 6. The vent valve is
located on the side of the pipe tee below the ball valve. The quick-disconnect

fitting is located above the ball valve. Figure 7 shows a closeup of the
connecting end of the fuel-additive system. The ball valve used to isolate the
fuel-additive system from the fuel line is the end item of the fuel-additive
system. The air-bleed-off valve is located before the ball valve and after the

check valve. The quick disconnect fitting is located between the check valve
and the flex-line. The control box which contains the main power switch and

the process controller is shown in Figure 8. The control box is equipped with
two pilot lights: one indicating power to the system, and one indicating power

to the pump.

12
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Figure 4. Fuel-Additive System Pumping Unit.
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SECTION IV

FUEL-ADDITIVE SYSTEM TESTING

A. SYSTEM CONTROL AND CALIBRATION

The positive displacement flowmeter was flow calibrated by the factory to

provide a 4-20 mA signal for 0.0 to 1.0 gal/min. The data sheets are attached

in Appendix A. The Honeywell controller was also factory calibrated. After

the fuel-additive system was assembled and installed in test cell 3 at

McClellan AFB, Sacramento, California, the flow readout on the flow controller

was checked against the injected fuel additive flow by collecting the cerium

fuel additive in a graduated cylinder. The reading on the controller agreed

with the amount in the graduated cylinder, within the ±2 mL reading accuracy of

the cylinder. The controller was set to read out in units of milliliters per

minute (mL/min), which provided a higher degree of accuracy for the controller

than if it had been set up to operate in units of gallons per minute (gal/min).

The controller was installed with an initial set point of 151.4 mL/mtn

(0.04 gal/min) and in the automatic mode of operation when the fuel-additive

system was turned on. The controller response was such that the fuel additive

flow reached greater than 90 percent of the set point value of the fuel

additive flow within a minute after the system was turned on. This made

operation of the system simple for the test cell operators. After initial

testing, the set point was changed to 568 mL/min (0.15 gal/mn).

1. Startup

The fuel-additive system was very difficult to prime. This was because

the filters in the system were sized for a nonviscous solution and the cerium

additive was about the consistency of motor oil. The cerium additive was much

more viscous than anticipated and is also very dependent on temperature. To

prime the pump, the inlet filter element was removed and additive was poured

into the filter element chamber. The fuel-additive system was then able to

prime itself and flush the system of air. The 7-micrometer filter element was

replaced with a 60-micrometer filter element to reduce the pressure drop. This

19



permitted the pump to achieve an output of near 0.5 gal/min. For the balance

of the cerium additive tests, a 60-micrometer filter element was installed

before the flowmeter with no filter element before the pump. Since the fuel

additive tested did not contain particulate matter, the filters were not

needed. The pump inlet filter and the flowieter filter should be replaced with

the original filter elements when testing the ferrocene fuel additive, which

has a much lower viscosity and has been known to have crystallized matter

contained in aged additive.

2. Power Level vs Opacity

The initial step of the fuel-additive system test was to get baseline

opacity readings on the TF-33 model P-5 jet engine at various power settings.

The baseline readings were made by Mr. Don Detwiler, a civilian employee at

McClellan AFB who is certified to make opacity readings. The power level was

then set at the highest opacity-producing level and the fuel additive varied

until the opacity was reduced significantly. This additive level was 568

ml/min (0.15 gal/min). Instead of a Ringelmann number of 2.5 or greater, the

opacity was reduced to 0.25 or below.

The Ringelmann numbers versus power settings with and without the

cerium fuel additive are shown in Figure 9 for the TF-33 jet engine. The

highest opacity occurs at about 95 percent power level (parked power) for the

TF-33 engine. The addition of the cerium fuel additive reduced the opacity at

all levels greater than 80 percent to near zero for additive amounts over 379

ml/min (0.10 gal/min).

3. Economics

A jet engine is ground tested after it has been rebuilt and before it

is installed in an airplane. This engine test is performed in a test cell

where the engine is mounted on a stationary frame. This test is called an

engine trim run. During an engine trim run the power settings are varied

frequently. An average time at each power setting is listed in Table 2

(Reference 3).

20
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TABLE 2. REPRESENTATIVE TRIM RUN TIMES
AND POWER SETTINGS

Time, Power Setting, Additive
Minutes % Needed

4 Idle (59)
1 75
1 80 X
2 90 X
5 Idle
2 Parked Power (95) X
3 Idle
2 Parked Power X
2 Data ('15) X
3 Idle
1 80 X
1 Take Off (101) X
5 Idle

The total engine run time is 32 minutes, 11 minutes of which are at a

greater than 80 percent power. During these 11 minutes, opacity readings for

the TF-33 engine would exceed limits and require additive use. The additive

would be needed for four different intervals. Alternatively, the fuel additive

system could be left on after the first 80 percent power setting and turned off

after the last high power setting. Additives would then be used for 22 minutes

during testing.

The cost of a 55-gallon drum of the cerium octoate additive is $2,200

($40/gallon). Based on an additive flow rate of 0.15 gal/min, the cost is

$6/minute for visible soot suppression, and could range from $66 for 11 minutes

to $192 for the complete engine trim run. These costs are based on the fuel

additive flow rate used for these tests. At lower additive rates the cost is

reduced proportionally.

The fuel-additive system built for this project can be interfaced with

the test cell controls, so that the fuel-additive pump could be switched on and

off, depending on the power setting of the engine on jet fuel flow rate. This

interface was not tried for this project because of engine availability and

time constraints.
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SECTION V

CONCLUSIONS AND RECO(MMENDATION

A. CONCLUSIONS

The prototype fuel-additive system built and tested was successful in

delivering the required amounts of jet fuel additive to reduce jet plume
opacity to below compliance levels. The process controller controlled the

additive flow very accurately. The cost of using the fuel-additive system to

reduce opacity was found not to be cost prohibitive. The fuel-additive system

controller was equipped with a secondary input option, which was not used in
this test. The secondary input can link the fuel-additive system pump to the
test-cell control, and control the ratio of fuel additive to jet fuel. If the

fuel-additive system were connected to the test-cell control, the test-cell

control would in effect operate the additive system, and additive would flow
only when needed, reducing the amount used. Ratio control appears unnecessary

for two reasons: a set amount of fuel additive is sufficient to maintain plume
opacity below limits, and the plume opacity is not proportional to the engine

power setting.
The flow rate of the additive needed to reduce plume opacity will vary,

depending on differences among engine models or individual engines. To avoid

the cost of testing each engine for its required fuel additive level, the flow
rate could be set high enough to reduce opacity levels for all engines of a
given model. This can only be done onsite by the prospective users of the

fuel-additive system.

B. RECOI4ENDATIONS

It is recommended that the use of the secondary input option of the
process controller to operate the fuel-additive system be tested to determine

if its use would be beneficial. A flow totalizer should be added to the system

if more testing is to be performed with this unit.
The fuel-additive system piping is recommended to be a minimum of 1/2-

inch tubing to the inlet of the pump and a minimum of 3/8-inch tubing after the
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pump. This is to reduce pressure drop in the system due to the high viscosity

of the cerium fuel additive. The pump capacity should be increased if the
system is to be used in a cold environment. The cerium fuel additive viscosity

is very temperature dependent and may become unpumpable at low temperatures.

The fuel-additive inlet to the jet fuel line is recommended to be as
close as practical to the engine to reduce response time of additive reaching

the engine.
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APPENDIX A

CALIBRATION DATA
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CUS TONER A 77~ CWTROL NO0. (01 Cl CHECKED

I FL OhWETE TRANSMITrTER
MODEL 1I0. :11 13c, .,' 5[SERIAL NO. 7

TEST STAND / FLONR#ITE OUTPUT

TEST FLUIDZO/0 4-20MA X ERROR

sp. OR. p17 i (.Z -77 1

ATEMP.O , AAlI 4-/

0-RINGS V/T4 7-4 13-

PRESSURE CHECK . PSI i I! 70

276

spfi C=- 4-112 DIG DVH.

DAMP E) Q CASE 20OMR

Al + REDISV POKER SUPPL Y

PHASIN ~, - 15V

COMMON

ZERO
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M 8)( PRECISION FLONMETER CAL IBRATION

FL0NETER TRANSMITTER

Model # 214-301 Model # TEST Control # 61605

Serial # 728164 Serial # LAB Customer: BATTELLE

___ __ _ __ ___ __ _ __ ___ _ __ __ Date: 13 Oct 1987

cc/min volts/cc %Error Limits Time: 12:38

7000 9.08 -.31 .5 Stand # 401A

3000 9.107 -.01 .5 Tested By: Mao

1000 9.128 .22 .5 Test Fluid: Kerosene

300 9.136 .31 .5 viscosity: 1.S3cps

100 9.125 .19 .5 Temp(OC): 21

30 9.065 -.47 1.67 Leak Test(psi): 100 PSI

10 8.907 -2.21 5 Switch Setting: NONE

_________ _______K-Factor: 9.108

LINEARITY CURVE

Flow rate -cc/min

10 100 1000
+1.0 9.199

0.0 -9.108

-1.0 . 01?7
L

308. 8?5 n-

.- 4 .0 8. 744 0

-6.0 8 .562

-8.0 8. 379
-10.0 8.19?

-- SEE NEXT PAGE FOR PRESSURE DROP GRAPH -

NOTE: Flowmeter filled with 20H OIL before shipping
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