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INTRODUCTION

On the basis of its effectiveness and lack of detrimental effect on
I ngines during short pEriods of injection , the Naval Air Systems Command
(NAVAIR) has approved the use of ferrocene during overhaul performance
checks of five enqine models at Naval Air Re~wo~ k Facility (NARF ) Alameda .
~rndll concentrations of this additive in fuel are effective in reducing
test cell exhaust stach smoice to a ievel accepted by the Bay Area Air
Pollution ContrJl District (BAAl’C~ ). The recommended procedures for
injecting the additive are as follows: (1) the test cell operator observes
the exhaust plume and , if it exceeds the local opacity regulation , farrocene
is added; and (2) ferrocene concentration is increased by the test operator

~inti1 the smoke plume meets the local opacity regulation. Steps (1) and
(2) are repeated for each engine power setting employed during the performance
check—run . The disadvantages of these procedures are as follows: (1) per-
sonnel who are not trained in smoke plume density determinatior (test cell
mechanics) are making the decisions as to whether the smoke plume exceeds
the BAAPCD regulation and (2) test cell mechanics are busy checking engine
performance and do not have the time to regulate the injection of the
additive and monitor test cell exhaust smoke. As a result of these problems,
the additive flow rate is usually set for the worst exhaust stack smoke
condition during the entire engine performance check and the additive
injection is not reduced for the less smoky engine conditions.

The injection of too much additive can cause a deposit build-up problem
on hot section components which will result in serious deterioration in
engine performance. One way of overcoming these deficiencies would be by
assigning a separate individual to each test cell to perform the above
additive injection steps, but this additional cost to have the procedures
performed properly would be unacceptable to a NARF. Another way to eliminate
the smoke problem with the minimum use of ferrocene and without increasing
the number of test cell personnel would be by developing an electronic
system to perform the procedures properly and automatically. The latter
way appears to be the most cost effective method for controlling the test
cell exhaust smoke and at the same time safeguarding engine performance
and components from deterioration.

A prototype Automated Smoke Abatement System (ASAS) was developed under
work authorized by reference 1. Reference 2 authorized the evaluation of
this System at NARF ’s Alameda and North Island. The objectives of these
tests were to demonstrate the feasibility of the ASAS concept and applic-
ability of the System for NARF use.

CONCLUS IONS

1. The ASAS is simple in design and inexpensive to purchase, and its use
will not interfere with normal test cell operations.

2. The System can maintain the exhaust plume opacity from a jet engine
test cell at a visual opacity of 20 percent or less while an engine is
operated at various power conditions.1
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3. The “fail safe” systems incorporated into the ASAS are satisfactory
in that the no additive can be injected into the engine outside of the
operating range selected.

RECOMMENDATIONS

1. Improvements in the motor/pump combination , especially the pump, as
tested in this program are required to increase the useful life of the
System.

2. An ASAS should be used in jet engine test cells to control exhaust
smoke levels from those engines compatible with the smoke abatement
additive ferrocene.

DESCRIPTION

1. The Robert H. Wager Co., Incorporated , Chatham, New Jersey, under
contract to the Naval Air Propulsion Test Center (NAPTC ) developed an
electro~ 

- ASAS which would control test cell exhaust plume opacity
by r~ rig the quantity of a smoke suppressant fuel additive injected
m t  turbine engine fuel system. The ASAS contains the following
cc (a) a transmissometer , (b) a logic/control unit, and (c) an
a - - - ~ction device. A schematic of the System is shown in figure

.~~~~ J’SSAS described below is the model employed during the NARF ’s
evaluation.

2. The transmissometer , a Robert H. Wager Co., Inc., Model P—5 , was
mounted on the test cell exhaust stack. This instrument meets the
Environmental Protection Agency (EPA) specifications for smoke meters
as described in reference 3. The Model P—5 transmissometer is a single
pass light transmission system which employs a green light emitting
diode ( LED) as a source. The LED emits light in the wavelength region
of 570 nanometres. The amount of light reaching the detector is pro-
portional to the transmittance of the plume. Percent opacity is related
to percent transmittance by the following equation: Opacity (%)  = 100% -
transmittance (%). The instrument internally makes this calculation
and reports the data as percent opacity. This transmissometer does not
have internal calibration capability and must be calibrated when no smoke
exists in the exhaust stack. This is not a problem for test cell use
because the calibration of the transmissometer can be checked before each
engine test.

3. The logic/control unit compares the electrical signal developed by the
transmissometer to a reference signal. If there is a difference between
these signals, an error signal is sent to the additive injection device.
The magnitude and sign of this signal will control the time rate of change
in the pumps speed which in turn regulates the flow rate of the additive
into the engines. When the reference and transmissometer voltage signals
are equal, the smoke plume from the test cell has been reduced to the
desired or target opacity. The reference signal can be adjusted by changing
the setting (set point) of an arbitiary dial scale on the logic/control
unit. The target opacity is the transmissometer opacity that is required

2
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to give a visual opacit~, equal to t~ L - desired plume opacity. The target
opacity , as established by the set : -ir.t and measured by the transmissometer,
can be set to meet an~ -v a l ue spec i f i c c ? by local smoke opacity regulations.
These requlations ~~~~~~ ~

-
~xp----os~ c : ~~

-. c ther Ringlernann numbers or percent
opacit\ . Each Pln~ i number is -~ ju ivalent  to 20 percent opacity, so
h I n a l L --l a L . No. 2 1. ’~ id be e ~ial ~ 50 ~~~~~~~ nt: opacity . Most authorit ies
limit smoke plume o a~~i~~i~~s to 20 pec c€nt or less 1Ringlemann No. 1 or
less) .  In this  r E - : : i t , all cw~~ . 1~. i s  wi 1.~ be described in percent
opacity .

4.  The add i. iv .: r : ; ~~:~~ri dev~~-~ -~~ :;.~sts of a gear pump directly coupled
to a variable spe iLi it -:.~~~r .  The flc’~ ra te  of the  additive injected by
the pump into the engi~-~~’ a fuel  s~’sturi is regula-:ed by the speed of the motor.

5. In order to protec t the engine from receiving excessive additive either
because of a i nairunc tion  in tne System or additive being injected when not
required , tha following fa i l  safe systems were added :

a. The variable speed motor which drives the pump does not have any
electr ical power unt i l  a preset threshold opacity level is measured by
the transrnissometer. Th threshoid level can be adjusted to meet the
particular requirements o~ the installation. For this test series , a
10 percent transmissometer opacity was employed as the lower limit.

b. The variable speed motor which drives the pump is electrically
shut off when an upper opacity limit is exceeded. This limit can be— adjusted to meet the particular requirements of the installation and was
designed to stop injection of the additive during afterburner operation
when there is a steam plume and smoke abatement is not required. For
this test series, an upper limit of 55 percent plume opacity as measured
by the trarismissometer was selected .

6. Detailed descriptions of components and wiring diagrams for the traris-
missometer, logic/control unit and additive injection device are contained
in reference 4. During the program , improvements in the additive injection
device and modification in the electronics of the System were made. m di—
vidual f igures showing the evaluation of the System from the prototype
design to the finalized System are not included in this report. The
changes incorporated in the ~~

- :.tuc are discussed in the Analysis of Results
and Discussion Section.

METHOD OF TEST

Evaluation of Prototype System at NAPTC

1. The 357—P-8B engine was held at the Normal Rated power condition
dur~ nq this shake—down t~~ t. While the engine was operated at constant
power , the set point (dial setting on the logic/control unit) was varied .
T~Js was done to cause the exhaust at .i- -k plume opacity and the quantity
of ferrocene in~~c~--t ’~~i into the engine n v ary . At each of the set points
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tested , the result ing opacity was recorded . This test series employed a
high pressure pump/electronic control valve combination as the additive
injection device.

NARF Evaluation of Modified System

2. The evaluation of th~ System modified with gear pump/variable speed
motor as the injection device wa~ conducted in two parts : the preliminary
check out of the System at a NA }:J ’ and long term performance evaluation
of ~~ie System . Steps a through c desccibed below -cure employed in both
parts.

a. Correlation of Tranemissomuter and Visual Opacity Measurements -
Before the ASAS could be employed , it was necessary to establish a
correlation between the transmissometer opacity readings and the visual
opacity values. In this step, the test engine was operated at various
power conditions between Idle ari d Mil i ta ry  power ratings to provide a
broad spectrum of plume opacities. At each power condition , a determination
of visual opacity of the smoke plume was made and recorded and the corre-
sponding transmissometer reading was also recorded .

b. Calibration of the Logic/Control Unit - Once the correlation between
the transmissometer and visual methods was established , it was possible to
determine the set point of the logic/control unit which would maintain the
test cell smoke plume opacity within the limits established by the local
authority . In this step, the test engine was maintained at the Normal Rated
powe r rating and the set point from the logic/control unit was varied in a
stepwise decreasing fashion. Each decrease in the set point caused a corre-
sponding change in additive flow rate and plume opacity. Set point, additive
flow rate, and plume opacity values (transmissometer method) were recorded.

c. En9ine Performance Check-run — The set point on the logic/control
unit was selected for a transmlssometer reading which corresponded to a
visual opacity of 20 percent. The engine was operated between power ratings
of Idle and Military, simulating an overhaul performance check—run . The
test also included accelerations and “chops” between Idle and Military
power ratings. The smoke level was monitored by the transmissometer and
recorded by a strip chart recorder.

ANALYSIS OF RESULTS AND DISCUSSION

Evaluation of Prototype System at NAPTC

1. The prototype ASAS with the electronic control valve/high pressure pump
combination was installed in a test cell at the NAPTC Philadelphia Test
Site for a check—out before shipping the System to NARF Alameda for evaluation.
Tne purposes of this test were to make sure that all the components in the
System were functioning and that the additive injection rate would be
sensitive to change~ in set point. The set point establishes the target
plume opacity as measured by the transmissometer. The J57—P-8B engine was
operated at the Normal Rated power condition during this test. Table I
presents the results of this test series. The trends in the data show that
test cell plume opacity can be controlled by set point selection.4
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2. Two problem areas were observed during this test program and they are
interrelated : (a) excessive heating of the additive fluid and (b) high
operating pressure of the control valve. The valve manufacturer recommends
an inlet gage nressure of 3450 kPa (500 psi) to the control valve for its
proper operation . To maintain this high operating pressure, a high capacity
pump was required . The bulk of ac~dit ive that passed through the pump was
returned to the drum ~‘ontaining stock solution. The drum became hot to
the touch after a half hour of testing hecause of the recirculation of the
stock solutien . Testing was ceased because of a possible fire hazard.
Normally, a gage presaure of 480 kPa (70 psi) is sufficient to overcome
the fuel pressure where the ad- itfve is injected .

= 3. No further evaluation of this design of the ASAS was made. The Robert
H. Wager , Co., Inc. modified the additive injection device before the NARF
test program by replacing the high pressure pump/electronic control valve
combination with a variable speed motor coupled directly to a gear pump.
In this configuration the flow rate of the additive is prc j~ortional to the
speed of the motor and the difference (error signal) between the plume
opacity (transmissometer signal) and the reference (set p m t  signal)
regulates the speed of the motor.

NARF Evaluation of Modified System

4. Preliminary Check-out of the System at NARF Alameda.

a. Correlation of Transmissometer and Ringlemann Measurements — The
J57-P—1O engine , installed in test cell 15, was operated at various power
conditions to present a broad spectrum of test cell exhaust plume opacities.
The plume opacity was determined visually and by the transmissometer. The
test results are presented in Table II. A transmissometer reading of 9
percent wa3 measured when the visual plume opacity was 20 percent, but an
examination of all the data indicates a transtnissometer reading of 10 to be
a better value , considering scatter.

b. Calibration of the Logic/Control Unit — The results of this test
series are presented in Table III. During the test, the J57—P—lO engine
was maintained at the Normal Rated power condition and the set point on
the Logic/Control Unit  was varied. The changes in the test cell exhaust
plume opacity were recorded. A set point of 18 maintained the trans—
missometer monitored test cell plume opacity at 10 percent . This set
point value was employed during the simulated -engine performance step.
The 10 percent transmissometer reading was selected because it would give
a visual plume opacity of 20 percent .

c. Engine Performance Check—run — Afte r  establishing the set point
necessary to maintain the test cell exhaust plume opacity within the smoke
limits stipulated by the BAAPCD, a one hour endurance test was performed.
Dur ing this  test, the test cell operator performed the engine operating
procedures employed i: checking the performance of an engine after overhaul.
Excerpts from the strip chart trace recorded during this test are shown in
figure (2). The trace has been separated into the various engine performance

5
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conditi cls (test numbers). Test 1 . e ~ esents the idle and mil i tary
base line plume opacities without feiiucene in the fuel. During
transient conditions the ASAS was not able to maintain the plume opacity
to the desired vaL e but the System p~ickl y recovered in 5—6 seconds when
the power condition stao l ized (see test 2 in figure (2)). When the engine
was held at constant .:o .er conditions for extended periods, the ASAS was
c tpabl e of mainta ining t~~ de~~ red opac-~ tj  w i th in  +1 percent opacity (see
tests 5, 6, ord 7 i~ fkg i~ e ~2)). In tests 3 and 4 in figure 5, the engine

~uwer conditio~ v. t~ c. snge.i n~- a~ d down too rapidly for the System to
follow. The srnokc ~ev~~ls resuiting from transient maneuvers do not exist
for periods long enough , however , ~o warrant consideration as violations
cy the BAAPCD . This agency aLi~~ws t:e blume opacity to exceed the 20
- ereent op3city reoIlati~~n f r  t ree minutes during each hour of operation .

d. General DLSCUSs~ Ofl oi Teso  Results — The concept of an ;~~tomated
smoke Abatement Sy -: te::1 was ~wn to be feasible. The modified system with
the gear puntp/varisble speed motor combination is capable of controlling
the test cell exhaust smoke level within the limits required by the BAAPCD.
During this evaluation th~ rollowing deficiencies were noted in the System:
(a) there was no f~~ l—safe mechanism to protect the engine from an excessive
additive ccncentrat~ -.,r. in the fuel should the System malfunction , and (b)
Lucre were no means of -.i Lcriininating between smoke and steam plumes which can

~ccur during afterhu: n~ng engine operation. The latter problem could cause
an excessive amount of additive to be injected under the steam condition
when no additive is required . The Robert H. Wager , Co., Inc. has made
modifications to the logic/control unit to remedy the above deficiencies.
These modifications were evaluated during the long term evaluation discussed
below.

5. Long Term Evaluation of the System.

a. This phase of the program was conducted jointly with another
p-. ogram to extend the time limit for the use of ferrocene in gas turbine
engines during test cell performance check runs. This report will be
l imited to the performance of the ASAS , only. Five engines (J52—P—6B ,
J57—P—lO , J79—GE—8B , TF30—P—6C and TF41-A—2A) were included in the extended
ferrocene program.

b. Table IV contains the visual and transmissometer monitored opacities
for four of the five engines included in the ferrocene program. No data were
obtained on the J57—P-lO engine because the test was conducted at a time when
it was impossible to make visual observations of the plume opacity. The
plume opacity data for each engine were plotted (transmissbmeter versus
visual) . The desired or target opacity was estimated where the trans—
r-icsometer reading was equivalent to a visual opacity of 20 percent. The
target opacity varied from 16 for the TF41—A—2A to 30 for the J52—P—6B.
The J52—P—6B target opacity was unexpected and appears to be high relative
to the other three engine tests. A target opacity of 22 percent was used
during the J52—P—6B engine test to insure adequate smoke reduction.

c. In order to evaluate the causes of variation in target opacity,
all the data were plotted together (see figure (3)). The data for each
cr~~1 ri.~ test was consistent within that test. The most probable explanation

6
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for the ~a’-iations in ta.get opacity is a combination of effects due to
different readers, time of day and sky conditions. There appeared to
be an overall trend in the data and the best straight line passing through
the data and (0,0) point is dete~~~ined by the method of least squares
analysis. The following aquatior.s were obtained :

(a) transrr~ -,ometer ccading as a fun c t ion  of visual opacity
= ~.99 v + ...la , correlation coefficient = 0.95

(b) vis~ ai opacity as a function of transmissometer reading

v = 0.90 t + 3.93 , correlation coefficient = 0.95

where t = transmissometer reading (percent)

v = visual, opacity (percent)

Both these equations give a good correlation to a straight line, and provide
a means of converting one opacity value to the other for these two methods
of measuring plume opacity. Based on the data obtained from all the engines,
the transmissometer is a valid means of estimating test cell exhaust plume
opacity. A target opacity of 20 percent will be sufficient to control the
test cell exhaust smoke to the BAAPCD opacity requirement. This target
opacity (20 percent) is in agreement with the ones employed during the tests
(16—24 percent). The only plausible explanation as to why the target opacities
for the series of tests (16—24 percent) differed from the one employed during
the preliminary check—out of the System (10 percent)  is that the visual
opacities in the preliminary check—out test were made by non—certified
readers and could have been in error.

d. Before initiating the engine performance simulation tests, the
set point which would give the required target opacity was determined using
the same procedures as in the first NARF test. The following set points
were determined for the engines used during the extended ferrocene evaluation:
J52—P—6B (18), J57—P—lO (18), J79—GE—8D (20) and TF3O—P—6C (18). For
practical purposes, these set points can be considered the same. During
the TF41—A—2A engine test, a problem was encountered with the transmissometer
and the ferrocene was injected based on concentrations employed in past TF41
engine tests (reference 5). In the establishment of the J57 set point, an
instability in the ASAS was observed (see figure 4 ). The System called
for additive but the quantity of additive injected exceeded that required
to control the smoke plume to the target opacity. As the set point value
was lowered , (causing the target opacity to be lower) the magnitude of the
cycling of the opacity and additive flow rate increased . At even lower
set point values, the magnitude of the cycling decreased and the System
eventually stabilized, but the transmissometer opacity (12 percent) was
well below the 22 percent target opacity. It was possible to tune out
this instability in the System by making adjustments to decrease the System ’s
gain setting and the initial speed of the pump motor. After these adjustments
were made, a set point of 18 maintained the target opacity at 22 percent.
These adjustments are easily made on the Logic/Control Unit. This demonstrates
the flexibility of the ASAS. The trim dials are provided on the ASAS 

to7
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adjust the gain setting and the intial pump speed so that th~ mix of
engines operated in the test cell is unlimited .

e. The fail—safe and smoke/stem hiume discriminating modifi-
cations were adjusted for a lower limit of 10 percent opacity and an
un -er lin-~ of 55 :e:ct it  npacit~~. This means thot the pump motor is
electrically inoperative until the exhau ,t plume opacity exceeds 10
percent and when the opacit~’ t x  eech; 55 porcent. This feature gives the
ASAS an operating ranye of 10 to 55 percent opacity. These limits were
checked-out by ~~~~~~~~ the onjine from idle to military power rating very
rapidly. When the J79 engine ~~s popped” in to the afterburner mode, a
steam plume (60 percent opacit\~) from the test cell quench water appeared
and the system quickly iitt--off tht pump motor . Ever~ ~ .our:. the TF3O—P—6C
engine , at mil i tary rating , has an exhaust plume opacity greater than
55 percent without additive , this did not cause a problem for the System
because ferrocene was injected into the fuel  as soon as the plume opacity
exceeded 22 percent and there was enough additive in the fuel so that tl’e
plume opacity never reached 55 percent to turn the pump motor o f f.  For
all the engines except the J79 (idle opacity = 12.5 percent) the pump
motor was deactivated during idle operations .

f. The ASAS was operative for 61.6 hours during these tests. This time
includes the TF41 test when a problem with the source and receiver of
the transmissometer was noted. During this problem with the transmissometer,
the Logic/Control Unit and pump/motor injection system were still used to
inject the ferrocene. Table V summarizes the operation of the System and
the problems that were encountered. Of the problems/failures experienced,
none of them (except the blown fuse) were related to the electronics of the
ASAS. The two major failures (drive gears (between the motor and pump),
and the pump) were mechanical in nature and can easily be corrected by
driving the pump directly by the motor and by replacing the brass pump
with a steel gear pump such as a small gas turbine engine fuel pump.

L _ _ _  
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FIGURE I. AUTOMATED SMOKE ABATEMENT SYSTEM
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P I GURE ~. TEST CELL PLUME OPACITY CORRE LATION
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TABLE I

CALIBRATION OF THE LOGIC/CONTROL UNIT

Transmissometer Reauing Logic/Control Unit ,
( % opacity) Set Point

8.4 30

8.0 24

5.4 20

4.6 18

2.9 8

2.1 2

NOTES: 1. Location: NAPTC, Philadelphia Test Site

2. Engine : J57—P—8B

3. Power Condition : Normal Rated

4. Prototype high pres sur e pump/electronic control valve
combination .

13
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TABLE II

CORRELATION OF TRANSMISSOMETER ANL VISUAL MEASUREMENTS

Power Visual Reading Transmissometer Reading
Condition (% opacity) (% opacity)

MIL 35 19.5

NR 40 17 .0

75% NR 37.5 17.0

50% NR 22.5 14.0

30% NR 20 9.0

IDLE 0 0

NOTES : 1. Location: NARF Alameda, Test Cell 15

2. Engine : J57—P—lO

3. Military - MIL; Normal Rated - NR

4.  The visual opacities reported are the average values of the
readings obtained by C. Lastiri, NARF Alameda and A. Xlarman,
NAPTC, neither of whom were certified smoke readers at that
time.

14
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TABLE III

CALIBRATION OF THE LOGIC/CONTROL UNIT

1-

Logic/Control Unit , Transmissometer Reading
Set Point (% opacity)

30 19.0

28 19.0

26 16.2

24 15.0

22 12.5

20 11.0

18 10.0

14 8. 8

10 7.3

6 6.0

NOTES: 1. Location: NARF Alameda , Test Cell 15

2. Engine: J57—P—lO

3. Power Condition: Normal Rated

4. Gear pump/variable speed motor combination .
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