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scanning electron microscope to verify the optical technique.
Nitrous oxide emissions were measured at the test cell stack
exhaust.

Four of the additives tested were found effective at re-
ducing stack exhaust opacity and particulate mass concentration.
None of the additives had any measurable effect on particle
diameters. No meaningful changes in particle size or mass oc-
curred between the engine and stack exhausts. The optical tech-
nique for determining particle size was verified effective using
the scanning electron microscope. No additive had any signifi-
cant effect on nitrous oxide production.<?~\
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ABSTRACT

Seven fuel additives were tested to investigate their
effectiveness at reducing exhaust stack gas opacity in a
turbojet test cell. Exhaust particle sizes and mass con-
centrations were determined at the engine and stack exhausts
using measurements of light transmittance at three frequen-
cies. Particle samples were also collected at the engine
exhaust and measured with a scanning electron microscope to
verify the optical technique. Nitrous oxide emissions were
measured at the test cell stack exhaust.

Four of the additives tested were found effective at re-
ducing stack exhaust opacity and particulate mass concentra-
tion. None of the additives had any measurable effect on
particle diameters. No meaningful changes in particle size
or mass occurred between the engine and stack exhausts. The
optical technique for determining particle size was verified

effective using the scanning electron microscope. No addi-

tive had any significant effect on nitrous oxide production.

R 5 2Tt P v e

PO . ¢ AL AL L

e o R AR,




...................................
...........................................
. PR D I T B O L A L SR S Y

u TABLE OF CONTENTS

I L] INTRODUCTION L] L] - . L] L4 . . . L] - Ll L] . L] e L4 L -« 1 2
Fi - II. EXPERIMENTAL APPARATUS . . . ¢ . ¢ ¢ ¢ ¢ ¢ o« o« « « 19

& III. EXPERIMENTAL PROCEDURE . . « « « ¢ o o« o « « + o o 22
2 IV. DATA REDUCTION . . . « « « o o « o o « « o « « o o 25

A, OPACITY . + & o o o o o o o o s o a o o o« o« o« 25
B. PARTICULATE SIZE . . « « « « « « o o o o « « o« 25
C. PARTICULATE MASS FLOW . . . . « ¢ « « « « « o 28
v. RESULTS AND DISCUSSION . . . . «. « « « « « « « « » 30
A, INTRODUCTION . . . « « « o ¢ » o o « ¢ « » o o« 30
B. ADDITIVE EFFECTS ON STACK GAS OPACITY . . . . 31
C. ADDITIVE EFFECTS ON d32 e o o e & e o s s o o« 32
D. ADDITIVE EFFECTS ON MASS CONCENTRATION . . . . 33
E. ADDITIVE EFFECTS ON NOx CONCENTRATION . . . . 34
VI. CONCLUSIONS AND RECOMMENDATIONS . . . . « . . . . 35
TABLES . 2 &« « o s o o o o o o o o o o o o o o o « o« « o 38
FIGURES . ¢ ¢ ¢ ¢ o o o o o o o o o o o o o o « o « « o 47
LISTOF REFERENCES . . . . & ¢ ¢ o « o o s s o« s « « « - 69

INITIAL DISTRIBUTION LIST . . « « « o o « o s o « o« « o 11

o, T B N PR - . . et R e . !
P} [l WUy SLPI P 3 - [ P P Dl 2 ol . W AP VO W AT G R roy Par -




I.
II.
III.

Iv.

VI.
VII.
VIII.

IX.

ADDITIVES

TEST
TEST
TEST
TEST
TEST
TEST

TEST

ENGINE EXHAUST MEAN PARTICLE DIAMETERS VS SEM

DATA
DATA
DATA
DATA
DATA
DATA

DATA

LIST

TESTED . .

AND
AND
AND
AND
AND
AND
AND

RESULTS
RESULTS
RESULTS
RESULTS
RESULTS
RESULTS

RESULTS

OF TABLES

FOR
FOR
FOR
FOR
FOR
FOR

FOR

- . . . . 38

12% RARE EARTH HEX-CEM 39

cv-100 . .
FERROCENE .

DGT- 2 - L 3 L]

128 CERIUM HEX-CEM . . 43

XRG . . . .

CERIUM OCTOTATE 12% . . 45

MEASURED EXHAUST PARTICLE SIZES . . .

. L] . . . 40
. . . . . 41
. . . . . 42

. 3 . - - 44

. . . . 46




AR A 2 I.\v‘[ " T
.,.....3-_-...._,~.

8.
9.
10.

11.
12.
13'

14.

15.

16.

17.

LIST OF FIGURES

Sub-Scale Turbojet Test Cell . . . . . « « « « . .
Photograph of Sub-Scale Test Cell . . . . . . . . .
Sub-Scale Test Cell Plumbing . . . ¢« « « « « « + =
Sub-Scale Turbojet Test Cell Combustor . . . . .

Schematic of Water-Cooled Ramjet Type Dump-
CombUSEOr . . ¢ &« + &« ¢ ¢ o ¢ o o o o o o o 2 o o =«

Cavitating Venturi Pressure vs JP-4 Fuel Flow Rate
for .017-Inch Diameter Venturi . . . . . . . . . .

Precision Metering Pumps . . . ¢ ¢ « « « o« o o o o
Precision Metering Pumps Calibration Curves . . . .
Transmissometer Source/Detector Unit . . . . . . .

Remote Control Panel and Signal Conditioner/Display
Unit . . . - L] L] L] . L] * * - L - - L] - L ] L] L ] L] - .

Sampling Probe . . . ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢« ¢ o o o 2 o @
Nitrogen Oxides Analyzer . . . . . . « ¢ « « o &«

d3jz vs Extinction Coefficient Ratios (A = 4500 &,
A = 6500 &, A = 10140 &), for m = 1.95 - .66i,

03200. . . . . . . . . . . e 3 . . . . . . ° . .

d3, vs Extinction Coefficient (A = 4500 &,
A = 6500 &, A = 10140 &), for m = 1.95 - .66i,
d = 2.0 L] ] . - L L] . L] [ ] L ] L] - L2 [ ] L ] [ ] L ] L ] [ ]

Combustor Exhaust Temperature (T ) vs Test Cell
Stack Exhaust Gas Opacity . « « ¢ « « o« « ¢ « « « &

Test Cell Run Time (Starting with Clean Combustor)
vs Test Cell Stack Exhaust Gas Opacity . . . . . .

Strip Chart Recording of CV-100 Test Conducted on
16 April 1982 (Combustor Exhaust Temperature (T )
and Exhaust Gas Opacity, Chart Speed 1 in./min.f .

47
48
49
50

51

52
53
54
55

56
57
58

59

60

61

62




18. Strip Chart Recording of CV-100 Test Conducted on
o 16 April 1982 (Engine Exhaust \ = 4500 & and
o A = 6500 &, Chart Speed 1 in./min.) . . . . . . . . 64

L 19. sStrip Chart Recording of CV-100 Test Conducted on
5 16 April 1982 (Engine Exhaust A = 10140 &, stack
Exhaust A = 4500 A, Chart Speed 1 in./min.) . . . . 65

- 20. Strip Chart Recording of CV-100 Test Conducted on
" 16 April 1982 (Stack Exhaust A = 6500 & and
N A = 10140 &, chart Speed 1 in./min.) . . . . . . . 66

21. SEM Photograph of Engine Exhaust Particulate Sample
Collected on 14 May 1982 During Tests with JP-4
Only. (10 Kx Magnification) . . . . . . . . . . . 67

22. Sem Photograph of Engine Exhaust Particulate Sample
Collected on 14 May 1982 During Tests with DGT-2
- Concentration of 27.35 ml. additive/gal. JP-4.
X (10 Kx Magnification) . . . « « « « ¢« + « « « + . . 68




T Y "

AUG. RATIO

TABLE OF SYMBOLS AND ABBREVIATIONS

Augmentation ratio

Engine exhaust particulate mass concentration
(x 10~6 gm./liter gas)

Stack gxhaust particulate mass concentration
(x 107° gm./liter gas)

Volume~-to-surface mean particle diameter
(microns)

Fuel to air ratio (primary air): ﬁf/ﬁb

Fuel to air ratio (primary + secondary air):
ﬁf/ﬁe

Complex refractive index

Augmentor tube mass flow rate (lbm/sec.)
Bypass air mass flow rate (lbm/sec.)

Particulate mass flow rate at the engine
exhaust (gm./sec.)

Particulate mass flow rate at the stack
exhaust (gm./sec.)

Engine air mass flow rate (ﬁp + ﬁs) (1bm/sec.)

Total engine air mass flow rate (ﬁBP + ﬁe)
(1bm/sec.)

Fuel mass flow rate (lbm/sec.)

Combustor primary air mass flow rate
(lbm/sec.)

Combustor seccr la._, air mass flow rate
(1bm/sec.)

..................................

a o e o . - [P OREP Y GLI W R YA W UhE g




............................................

NO Nitrogen oxide concentration; parts per

X million (PPM), non-calibrated

T, Percent transmittance at wavelength A

Tgp Bypass air temperature (°R)

Tc Combustor exhaust temperature at combustor
exit (°R)

Tmix Bulk temperature of the fuel/air mixture at
the engine exhaust (°R)

TR Gas stagnation temperature at the stack end
of the augmentor tube (°R)

o} Geometric standard deviation

N .'.'"'T

T

Fo

10




LA L I A nC e i S R A e A N TNy AT R T N T TR T vy ey, - v T e . el R ‘F—v—v—v—‘—v} o
.

ACKNOWLEDGMENT

The author is indebted to many people in the Department
of Aeronautics for their support, advice, suggestions, and
assistance during the completion of this research project.
Foremost a special thanks goes to Professor David W. Netzer
for giving so generously of his time and superb talent. Addi-
tionally the following Engineering Technicians were especially
generous with their time and skills: Patrick Hickey, Jim
Hammer, Glen Middleton, Kelly Harris, Robert Besel, Ted
Dunton, Ronald Ramaker, John Morris, Don Harvey, and Jack
King.

The author is also indebted to Martha Hodnett for the
caré taken in typing this report and to Alan McGuire for his
graphic work and computer programming expertise.

Finally a particularly heartfelt debt of gratitude goes
to the author's family, his wife Susan and two children Jen-
nifer and Nicholas, for their unwavering support and their
patient loving understanding through yet another most de-

manding tour of duty.

11

T
- v

r
4
s
9
L
“
3
b
p
3
2
b
1
P




......................

I. INTRODUCTION

All organizations tasked with the maintenance of modern

high
test
Navy
ties
full
will

performance turbojet/turbofan engines utilize jet engine
cells as a means of monitoring engine performance. The
uses test cells at its various jet engine rework facili-
to statically achieve in a controlled environment the

range of operating conditions to which a repaired engine

eventually be subjected. All engines are thus fully

tested prior to being placed back into service. This results

in both lowering the number of engines that fail in flight

and raising the degree of safety involved with the entire re-

pair process.

The federal Environmental Protection Agency (EPA) issues

minimum national pollution control guidelines which may sub-

sequently be made more stringent by local governmental regu-

lation. Military jet engines which are exempt from these

various pollution control requirements while operating in-

stalled in aircraft must, however, conform to all regulations,

federal and local, while being evaluated in a test cell. Such

local standards imposed by the San Diego and Bay Area Regional

Air Quality Districts have resulted in lawsuits against the

Navy

[Ref. 1].

Of primary concern in these local pollution requirements

is the test cell exhaust resulting from the engines being

12
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evaluated. Since the purpose of the test cell is to simulate
as closely as possible the actual flight environment, the
problem then is how to meet the local pollution standards
while ﬁaintaining the validity of the tests.

Wwhile future technology may in time be able to produce
nearly pollution-free, high-performance aircraft engines,
there will remain literally thousands of older engines in
service requiring periodic test cell evaluation. An interim
means of controlling the large amounts of smoke emitted
during these tests is required. Additionally a reduction in
the amount of nitrogen oxides being produced would be bene-
ficial. One possible means of reducing the smoke being re-
leased into the atmosphere is the modification of existing
test cells. This solution at present appears to be very ex-
pensive and difficult to achieve while maintaining the proper
engine testing environment. The effectiveness of various
fuel additives has also been investigated as a possible in-
expensive solution to this problem.

Research documented in this thesis is a culmination of
the efforts of five previous aeronautical engineering stu-
dents at the Naval Postgraduate School. Hewlett [Ref. 2]
initiated the program with design and construction of a one-
eighth scale turbojet test cell at the school‘'s Aeronautics
Laboratory. Charest [Ref. 3] designed, constructed, and
evaluated the use of a ramjet type dump combustor for simu-

lation of the turbojet combustion process. In another

13
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research program, Hewett [Ref. 4] utilized light extinction
measurements to determine the effects of fuel composition

and bypass ratio on the concentration and size of unburned
carbon within a solid fuel ramjet. Darnell [Ref. 5] adapted
the latter technique to make measurements of particle sizes
and concentrations in the sub-scale test cell. His efforts
were partially successful and resulted in recommendations for
improvements in the experimental techniques in order to im-
prove the quality of collected data. Thornburg [Ref. 6]
incorporated these suggestions and used the improved facility
for experiments to investigate the overall effectiveness of
several smoke suppressant fuel additives.

A large number of smoke suppressant fuel additives have
been developed by various manufacturers. Some of these have
been evaluated by the Naval Air Propulsion Test Center [Ref.
71 for their effectiveness in reducing the smoke produced by
turbojet engines. Ferrocene and DGT-2 were found to be
effective.

Previous research has indicated that the additives most
effective at reducing test cell exhaust plume opacity are
metallic based. Ferrocene solution in particular [Refs. 8
and 9] has been very effective. However, there is some con-
cern that engines with very high turbine inlet temperatures
may be susceptible to a build-up of iron deposits on the tur-
bine blades, due to the relatively low melting temperature of

the iron. Thus, there is a need to determine if some of the

14
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rare earth metals (such as cerium), with their higher melting
temperatures, can be as effective in a fuel additive solution
as the ferrocene.

The exact process by which particulates are formed in the
turbojet combustion process is not entirely understood. The

particulate matter has been estimated to be approximately 96%

Ko O RO L ERTR NSRS
Pl -'...'.‘-'.‘.' P PR -’-

carbon by weight [Ref. 10]). Light is scattered and absorbed

by the particulates so that the plume opacity is related to
their size and concentration [Ref. 11]. It is not clear how
these properties are altered by the test cell and by the use
of fuel additives. Particulates may be altered within the
combustor, and/or after they leave the combustor by dilution
from bypass air in the engine, by dilution in the augmentor

tube, or by mixing and cooling in the stack prior to exiting

to the atmosphere.

Previous research conducted at the Naval Postgraduate
ii School (Ref. 11] evaluated Ferrocene, 12% Rare Earth Hex-Cem,
- and 12% Cerium Hex-Cem in varying concentrations to determine
ﬁi their effects on engine and stack exhaust opacities and par-
ﬁ% ticulate mean diameters. Thornburg showed Ferrocene and 12%
Cerium Hex-Cem both effectively reduced stack exhaust opacity

between thirty and forty percent for additive concentrations

Ei between twenty and thirty milliliters per gallon of JP-4.

Eﬁ 12% Rare Earth Hex-Cem was ineffective as a smoke suppressant
»

i{ additive. It was noted that exhaust gas opacity was very

r

E

.
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sensitive to combustor exhaust temperature (primary fuel-air
ratio).

Throughout these previous investigations at NPS, particu-
late volume to surface mean diameter (d32) varied between .18
and .24 microns, with an average of about .21 microns. This
range was not considered a significant change in average par-
ticle diameter, thus it was concluded that the particle di-
ameters remained essentially constant throughout all tests
and that varying additive concentrations had no significant
effect on d32. The data also indicated that no variations in
particle diameter occurred between the engine exhaust and the
stack exhaust.

Fuel additives and increased engine operating temperature
decreased the mass concentration of exhaust particulates. A
decrease in mass concentration between the engine exhaust and
stack exhaust was due primarily to dilution of the engine

exhaust gases within the augmentor tube. It was further

noted that the fuel additives were most effective for com-
bustor exhaust gas temperatures of 1450°F or higher, and that
ﬁa none of the additives produced any significant change in NoO,
concentrations at the stack exhaust.

pf Based upon the work done previously by Darnell, Thorn-

Fi burg, and Netzer (Refs. 5, 6, and 11]) some modifications to
the testing apparatus and in the experimental technique were
made. The narrow bandpass light filters used in the light

g transmission equipment were changed at the engine exhaust

3 16
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location to match the frequencies of those used at the test
cell stack exhaust. This was done to remove one possible
ambiguity from the later evaluation of collected data.

It was also observed in previous testing that, due to
the water cooling jacket surrounding the combustor, soot was
building up quite rapidly on the walls of the primary combus-
tor. Therefore, in order to standardize the testing for all
additives, the combustor was completely disassembled, cleaned,
and reassembled for each test series. This precluded the
possibility of soot from one run interfering with the data
set from another.

Finally to improve the comparison of data from the vari-
ous additives, it was necessary to reduce the previously re-
ported large effect that temperature variation had on exhaust
stack gas opacity. An effort was made to keep the combustor
exhaust temperature as constant as possible within a given
test and from run to run. Air flows were also kept as con-
stant as possible from run to run.

Tests during the present investigation were conducted
using Ferrocene, 12% Rare Earth Hex-Cem, 12% Cerium Hex-Cem,
Cv-100, XRG, DGT-2, and 12% Cerium Octotate. This investiga-
tion was primarily concerned with determining the effects of
various fuel additives on the concentration and size of soot
particles at the engine and test cell exhausts. Measurements
were made using a three-frequency light transmission tech-

nique. Additionally, exhaust particulates were collected and

17
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measured with a scanning electron microscope (SEM) as a means
of verifying the optical technique. Opacity of the test cell
exhaust was continuously monitored electronically and period-

ic measurements of nitrous oxide (Nox) gas were made.
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II. EXPERIMENTAL APPARATUS

The sub-scale turbojet test cell and associated supple-
mental testing equipment used to carry out this investigation
have been thoroughly described in several previous reports
[Refs. 2, 3, 4, 5, 6, and 11]. A brief recapitulation of the
apparatus is made here for report clarity.

A one-eighth (in linear dimensions) scale model of an
Alameda Naval Air Station test cell was used to carry out
this investigation [Ref. 12]. Figures 1, 2, and 3 show
the test cell and its basic plumbing arrangement. Flow
straightened air was provided to the visual test section
through a horizontal inlet. The augmentor tube exited the
cell through a removable wall and dumped the exhaust into a
vertical stack.

High pressure air was provided to an externally mounted
combustor from a large-volume positive displacement compres-
sor. Four air flows (combustor primary and secondary, motor
bypass, and "engine inlet" suction) were remotely controlled
to provide the desired values.

The ramjet type dump-combustor used to simulate a turbo-
jet engine is illustrated in Figs. 4 and 5 and described in
detail in Ref. 3. By varying the primary fuel/air ratio and

secondary air flow, the exhaust temperature and particulate

19




concentration (i.e. opacity) could be altered. The combus-
tion was water cooled for chamber wall protection.

The fuel system consisted of a remotely controlled, seven
gallon capacity, portable fuel supply and two Eldex, Model E,
precision metering pumps for fuel additive injection. Fuel
flow rate to the combustor was controlled by a cavitating
venturi installed in the fuel line and by varying the pres-
sure of gaseous nitrogen in the fuel tanks. A calibration
curve for fuel flow rate versus préssure using a .017 in.
venturi is shown in Fig. 6. The Eldex precision metering
pumps are shown in Fig. 7. Figure 8 presents the calibrated
metering pump flow rates versus pump micrometer settings.

Using standard ASME flow calculations [Ref. 13], auto-
matic data acquisition of test cell temperatures and pres-
sures, and data processing of test cell mass flows, were
provided on demand by an HP-21 MX computer system. A perma-
nent record of temperatures, pressures, flow rates, and other
data of interest was made via the computer's hard copy print-
er. Additionally a continuous record of combustor exhaust
temperature was made using a strip chart recorder.

A Leads and Northrop model 6597 transmissometer was set
up to provide a direct read-out of test cell stack exhaust
stream opacity. Figure 9 shows the source and detector and
Fig. 10 shows the signal conditioner/display unit. A con-
tinuous record of stack exhaust opacity was kept using a

strip chart recorder.

20




Engine and stack exhaust particle sizes were measured

ji using a three frequency light transmission technique. The

é% equations used to reduce the run data recorded on strip chart
.‘ recorders are presented in Refs. 6, 12, 14, and 15. To veri-
Ei fy the optically obtained data, exhaust particulate samples
3 were collected at the engine exhaust [Fig. 11] and the parti-
cle sizes measured with a scanning electron microscope.

ﬂi Finally, test cell stack exhaust gas was sampled to de-
termine the effect of fuel additives on NOx production. The

probe shown in Fig. 9 was connected to a Monitor Labs, Model

8440E, Nitrogen Oxides Analyzer shown in Fig. 12 and described

in Ref. 16.
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III. EXPERIMENTAL PROCEDURE

The fuel additives tested in this investigation were run
at their optimum concentrations as determined by Thornburg,
Darnell, and Netzer [Ref. 1ll]. Those additives not previous-
ly evaluated were run with either the manufacturer's recom-
mended concentration or with a concentration equal to that
employed for one of the other additives. 1In some cases
additional concentrations were also used to compare with the
results obtained using the nominal values.

Every additive test series was started with a clean com-
bustor. The optical detector systems and the transmissometer

were checked and zeroed. When all the measurement equipment

was calibrated, air flow rates were adjusted to obtain the

following nominal values:

Pi Combustor primary air - = = = = - - - - -286 (lbm/sec)
;} Combustor secondary air = = = = = = - = .228 (lbm/sec)
é 3 inch bypass line air - - - = - - - - .900 (lbm/sec)
¥ 6 inch suction line air - = = = = - - - 1.040 (1lbm/sec)

ERCMN B §

These settings would change somewhat with motor ignition.
With air flowing through the motor and test cell, a final

3
h check of the measurement equipment was made. New zeros and

E one hundred percent readings were taken as necessary. After
- all final adjustments were complete, the fuel tank/cavitating
? venturi pressure was adjusted to obtain the desired fuel flow
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rate (Fig. 6). An oxygen/ethylene ignition torch was used
to ignite the JP-4 fuel-air mixture in the combustor.

Combustor exhaust temperature was kept as close to 1530°F
as possible. Tests in which this temperature was maintained
between 1500 and 1600°F were considered acceptable based upon
the previous results of Thornburg et al [Ref. 1l1]. This
temperature range was maintained by making small changes in
the JP fuel flow rate.

For the remainder of each test, the fuel additive being
evaluated would be turned on and off several times until
sufficient steady-state data were collected. Values for
combustor exhaust temperature, fuel tank pressure, venturi
pressure, Nox concentration, fuel additive flow rate, ex-
haust stack opacity, and combustor inlet pressure were visu-
ally observed and recorded. Opacity, combustor exhaust
temperature, and the six light transmittances were con-
tinuously recorded on strip chart recorders. Test cell air
mass flow rates, temperatures, and test cell augmentation
ratio were recorded on demand by the HP-2l1 MX computer. Par-
ticulate samples were collected during each test, both with
and without fuel additives being turned on.

When data collection was complete the JP fuel was turned
off, but the air flows were kept running ia order to provide
rapid cool-down of the combustor and to purge any unburned
JP fuel. Post-run calibrations were made to ensure that the

zeros and one hundred percent readings had not changed. Test

23
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cell air mass flows were also checked to ensure that they

returned to their pre-run nominal settings.
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IV. DATA REDUCTION

A, OPACITY

Opacity of the test cell stack exhaust gases was measured
directly with a white light source transmissometer. As de-
fined by the EPA, opacity is the degree to which emissions
reduce the transmission of light and obscure the view of an
object in the background [Ref. 17]. Opacity is related to

the transmittance of light by:

$ OPACITY = 100% - % TRANSMITTANCE.

B. PARTICULATE SIZE
Exhaust particulates were measured at the engine and
stack exhausts using Bouguer's Law [Ref. 14] for the trans-

mission of light through a cloud of uniform particles:
T = exp(-QAnL) = exp[-(3QC L/2¢d)] (1)

where (T) is the fraction of light transmitted, (Q) is the
dimensionless extinction coefficient, (A) is the cross sec-
tional area of a particle, (n) is the number concentration of
particles, (L) is the path length the light beam traverses,
(Cm) is the mass concentration of particles, (o) is the den-
sity of an individual particle, and (d) is the particle

diameter.
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Using Mie light scattering theory, the dimensionless ex-
tinction coefficient (Q) can be calculated as a function of
particle size, wavelength of light, and complex refractive
index of the particle.

Dobbins [Ref. 15] revised Bouguer's transmission law to

allow for a distribution of particle sizes:
T = exp[-(36CmL/2pd32)] (2)

where (Q) is an average extinction coefficient and (d32) is
the volume-to-surface mean particle diameter. Taking the

natural logarithm of equation (2):
In(T] = Q[-3c L/2pd,,]. (3)

For a specific wavelength of light, equation (3) can be

written:
In[r,] = BA[-3CmL/20d32]. (4)

Assuming Cm, L, o, and d32 remain constant, the ratio of the
natural logs of the transmittances for two wavelengths of

light is:

1n[Ty;] le
ln[T 2]

: (5)

A Mie scattering computer program, provided by K. L. Cash-
dollar of the Pittsburgh Mining and Safety Research Center,

Bureau of Mines, produced calculations of 6\ and 5\ ratios as
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a function of d32.

The following inputs to that program were

used for this investigation:

Complex Refractive Index of Particles (m = 1,95 - ,661)

Refractive Index of Surrounding Medium (1.0 for air)

Standard Deviation of the Distribution (o = 2.0)

Three Wavelengths of Light (4500 &, 6500 &, 10140 )

Transmissivity was determined by comparing the ratios of

photodiode outputs with and without exhaust particles present
(i.e. combustor on and off respectively). d,, and Ex were
obtained from the output of Cashdollar's program (Figs. 13
and 14) using the log ratios of transmissivity of the three
wavelengths of light measured at both engine and stack ex-
hausts. Using three transmittance ratios provides three
values for d32. If all three d32 values are not nearly
identical, then the complex refractive index and/or standard
deviation chosen are not correct [Ref. 14]. Several values
of m (complex refractive index) and ¢ (standard deviation)
were used in the study. The set providing the most consis-

tent values of d32 were m = 1.95 - .661 and 0 = 2.0. Once

ak’ d32, and TA were known, mass concentration was calculated

with the following rearrangement of equation (4):

pd
Cn = -% __32 In T,.
QAL

(6)
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C. PARTICULATE MASS FLOW

Previous research by Thornburg et al [Ref. 11] showed a
significant decrease in particulate mass concentration be-
tween the engine and stack exhausts. The particulate mass

flow rates can be written:

Moy = CmgQ (7)

where Q is the volume flowrate. Assuming perfect gases:

Q=Av=$ (9)

The following assumptions were made for these calculations:

R =R, = 53.3 ft-1bf/lbm-°R

P =P = 14.7 psi

engine = Pstack

mengine = Meq = mp + mg * Mpp

ad

3 Mse = Mstack = Maugmentor tube

;i Tstack = TR

g

3 T -7 = melEr " Tl

o engine mix .

2 Ter

4

AN The particulate mass flow rates were then ratioed:

- m Cr Q. m.T .

. c

ﬁ : e _ Me"e _ .e mix (10)
b Meg  CmgQs  CmgMseTr

¥

1

= 28
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A ratio of 1.0 would indicate no change in particulate mass

flow rates between the engine and stack exhausts, within the

limits of the above approximations. Any decrease in mass
concentration at the stack would then be due to dilution of

the exhaust particles with augmentation air.
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JJ. V. RESULTS AND DISCUSSION

A. INTRODUCTION

From April to July of 1982, seven smoke suppressant fuel

additives were tested to determine their effects on test cell

LD e g

stack exhaust gas opacity, on d32, on exhaust particulate

mass concentrations, and on NOx concentration. The additives

> oun

are listed with their respective manufacturers in Table I.
Tables II through VIII summarize the data collected and re-

duced during this investigation.

TrRE

As mentioned previously, in the NPS test apparatus com-
bustor exhaust temperature and run time were found to greatly

influence exhaust stack opacity independent of other varia-

5 ."v:d.'.‘,‘ "

bles. Figure 15 shows the effect of combustor exhaust tem-

3 perature on opacity for a clean combustor. The effect of

. run time (starting at time zero with a clean combustor) on

i opacity for this particular combustor is demonstrated in Fig.
3 16. To minimize these effects between tests with the dif-
ferent additives, data points selected for reduction had a
combustor exhaust temperature from 1966 to 2007°R, and a
total combustor run time of 20 minutes or less. With these

restraints, coupled with fairly constant air mass flows and

TR

fuel flows, any changes in opacity, etc. should have been

primarily due to the fuel additive being examined.

), A iacaas
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Figures 17 through 20 show a typical set of strip chart
recordings from which the presented data were reduced. Sam-
ple SEM photographs of collected exhaust particulates (used
to confirm optical d32 measurements) are enclosed as Figs.

21 and 22.

B. ADDITIVE EFFECTS ON STACK GAS OPACITY

Tables II through VIII present the data obtained for
stack exhaust gas opacities. 12% Rare Earth Hex-Cem, CV-100,
and XRG were ineffective in reducing stack gas opacity. Fer-
rocene, DGT-2, and 12% Cerium Hex-Cem were all tested at con-
centrations of approximately 28 ml./gal. of JP-4. Ferrocene
lowered opacity between twelve and twenty-four percent, DGT-2
between twenty-four and thirty percent, and 12% Cerium Hex-
Cem between twenty-one and thirty-five percent. 12% Cerium
Octotate was tested at a lower concentration of 22 ml./gal.
of JP-4 and reduced the opacity between eleven and nineteen
percent.

The latter additive (12% Cerium Octotate) was added to
the investigation at the end of the study. Pump settings for
this additive were therefore made identical to those used for
the 12% Cerium Hex-Cem. However, it was somewhat more vis-
cous than the Hex-Cem which resulted in the tests being con-
ducted at a lower concentration than planned. The Eldex
precision metering pumps could pump the Hex-Cem at a maximum

flow of 5.5 milliliters per minute versus a maximum of only
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3.7 for the Cerium Octotate. The lower additive concentra-
tion could have been partially responsible for it being less
effective than the 12% Cerium Hex-Cem. However, previous
data obtained by Thornburg {Ref. 6] indicated that 12% Cerium
Hex-Cem was nearly equally effective for concentrations be-

tween 15 and 40 ml./gal. of JP-4.

C. ADDITIVE EFFECTS ON d32

Part B of section IV of this report outlines the optical
(three frequency extinction) technigue used to calculate d32.
The individual test run values of transmittance and d32 are
listed in tables II through VIII. When the optical technique
(using various values of m and o) resulted in three values of
d32 within $.02 microns, that value of d32 was deemed
acceptable.

Individual values of d32 varied from .13 to .28 microns
throughout this investigation. However, on any given run
this range was much narrower, with a typical variation of
only .02 to .03 microns. Given the inaccuracies in measuring
the individual transmittance values, this range was consid-
ered an insignificant change in average particle diameter.
Therefore it was concluded that the additives tested had no
significant effect on d32. Also, no significant changes in
mean particle diameter occurred between the engine and the

stack exhausts.
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Table IX compares the optically measured values of d32
at the engine exhaust to the range in diameters obtained from
SEM photographs (Figs. 21 and 22) of collected particulate
samples. The range of sizes observable with the SEM consis-
tently surrounded the values of d32 found optically. It
therefore appears the optical technique was a reasonably good

method for measuring engine exhaust particulate size.

D. ADDITIVE EFFECTS ON MASS CONCENTRATION

Assuming a soot particle density (p) of 1.5 gm/cm3, equa-
tion 6 was used to calculate particulate mass concentrations
at the engine and stack exhausts. Section IV outlines the
mass concentration calculation method.

Equation 6 also requires an input for the path length
that the light beam traverses (L). At the engine exhaust L
was .0498 meters and at the stack exhaust it was .762 meters.
The determinations of mass concentration were somewhat less
accurate than those for d32 because both ¢ and Q are rather
uncertain in value. Tables II through VIII list the cal-

culated mass concentrations at the stack and engine exhausts

for a wavelength of 10140 Angstroms. The mass concentra-

tions calculated at the other frequencies did not vary sig-

RIS

nificantly from these values and are not included.
r~ Ferrocene, DGT-2, 12% Cerium Hex-Cem, and 12% Cerium Oc-
totate all appeared to reduce the mass concentration of soot

particles when they were in use. 12% Rare Zarth Hex-Cem,
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CV-100, and XRG were virtually ineffective in mass concentra-
tion reduction.

The particulate mass flows at the engine and stack were
ratioed using equation 10 of section IV to determine if the
decrease in mass concentrations between the engine exhaust
and the stack were due to chemical reactions or wall deposi-
tions downstream of the engine exhaust or to flow dilution
by augmentation air. Within the approximations made in equa-
tion 10, a ratio of 1.0 would indicate no change in particu-
late mass flow rates between the engine and stack exhausts.
Tables II through VIII present these ratios for the data re-
duced. The ratios varied from a low of 1.1 to a high of 3.2
with an average of approximately 1.5. This would indicate
that some chemical reactions or wall deposition involving the
particulates occurred between the engine and stack exhausts.
However, the light transmissior aeasurements at the stack
exhaust were made near the stack centerline. Visual obser-
vation of the stack exhaust indicated that it was concen-
trated to the aft portion of the stack. This observation
together with the lack of change in d32 indicate that little

if any chemical reaction/deposition occurred.

E. ADDITIVE EFFECTS ON NOx CONCENTRATION

Values of NO_ for the various test runs, with and without
additives turned on, are listed in Tables II through VIII.
No additive produced a significant change in the NO, con-

centration on any given run day.
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VI. CONCLUSIONS AND RECOMMENDATIONS

During this test series, seven fuel additives (12% Rare
Earth Hex-Cem, CV-100, Ferrocene, DGT-2, 12% Cerium Hex-Cem,
XRG, and Cerium Octotate 12%) were evaluated to determine
their effects on test cell exhaust opacity, on mean exhaust
particle diameter, on exhaust particulate mass concentration,
and on NO concentration. Principal results and recommenda-
tions are summarized as follow.

(a) Ferrocene, DGT-2, 12% Cerium Hex-Cem, and Cerium
Octotate 12% reduced stack exhaust opacity from eleven to
thirty-five percent. Of these four, DGT-2 and 12% Cerium
Hex~-Cem were the most effective. 12% Rare Earth Hex-Cem,
Cv-100, and XRG were ineffective at reducing stack opacity
when mixed with JP-4 and burned in the NPS combustor.

(b) Particulate volume-to-surface mean particle diame-
ter (d32) varied from .13 to .28 microns throughout this
investigation. An average value of .20 microns was observed,
with a typical particle size variation of only .02 to .03
microns in any given test series. This range was considered
an insignificant change in average particle diameter given
the inaccuracies in measuring the individual transmittance
values. It was concluded that the additives tested had no

significant effect on d,,. Also, no significant changes in
32
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mean particle diameter occurred between the engine and stack
exhausts.

(c) Values of d32 listed in this report were obtained
using a light transmittance technique. These optically mea-
sured values of d32 were compared to scanning electron micro-
scope photographs of collected exhaust particulates. The
range of particle sizes observed with the SEM consistently
surrounded the optically obtained values, indicating the
validity of the light transmission technique.

(d) The fuel additives which reduced stack opacity also
reduced exhaust particulate mass concentration without re-
ducing average particle diameter. Other investigators [Ref.
18] have found that manganese based additives can reduce par-
ticulate size without changing particulate mass. Barium
additives have been found not to affect particulate size
[Ref. 191. This disparity of results may be due to the dif-
ferent types of additives and how they work, to the different
combustor geometries (fuel atomization methods, residence
times, quenching rates, etc.), and/or to the test conditions
employed. Certainly there exists a need to evaluate various
additives in one combustor design at various engine operating
conditions.

(e) NO concentration at the test cell stack exhaust was
not significantly changed by any of the fuel additives tested.

(f) Given the constraints of the testing apparatus em-

ployed in this investigation, it is felt that no further
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worthwhile advances or conclusions can be made in this test
series. It is recommended that the additives deemed effec-
tive at reducing opacity here, be further evaluated in a full
size test cell employing an in service aircraft turbojet en-
gine. It is further suggested that future tests avoid using
a water cooled combustor. Instead a conventional hot-can
combustor should be used exclusively to avoid the serious

soot buildups experienced in this investigation.
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TABLE I

! ADDITIVES TESTED

1. 12% Rare Earth Hex-Cem (961l Control 12885)
Mooney Chemicals, Inc.
2301 Scranton Road

= Cleveland, Ohio 44113

- 2. CV-100; Universal Combustion Catalyst (Batch TH069/081280)
= Cavern Petrochemical Co., Ltd.
Fort Erie, Ontario, Canada

Ferrocene Solution
Arapaho Chemicals
Boulder, Colorado

LA 2t ) vv:. ‘it

R H A .

- . ’ !
.

4. DGT-2 (Sample CSB-8-91)
Apollo Technologies, Inc.
One Apollo Drive
Whippany, New Jersey 07981

5. 12% Cerium Hex-Cem (Control 380-2)
Mooney Chemicals, Inc.
2301 Scranton Road
Cleveland, Ohio 44113

k"-
¢
=
L -

6. XRG; Fuel Synergist
XRG International, Inc.
4125 S.W. Martin Highway
Stuart, Florida 33494

7. Cerium Octotate 12% in Mineral Spirits
The Shepherd Chemical Company
4900 Beech Street
Cincinatti, Ohio 45212
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ENGINE EXHAUST MEAN PARTICLE DIAMETERS VS SEM

TABLE IX

MEASURED EXHAUST PARTICLE SIZES

Additive Concaentration

122 Rare Earth Hex-Cem (0.0)
12% Rare Earth Hex-Cem (10.05)
122 Rare Earth Hex-Cem (28.11)
127 Rare Earth Hex-Cem (0.0)

Cv-100 (0.0)
Cv-100 (2.36)
Cv-100 (32.56)
Cv-100 (0.0)

Ferrocene (28.48)

Ferrocene (0.0)

DGT-2 (27.35)
DGT-2 (0.0)

122 Cerium Hex-Cem (0.0)
12% Cerium Hex-Cem (31.90)
127 Cerium Hex-Cem (30.54)
122 Cerium Hex-Cem (0.0)

XRG (28.24)
XRG (0.0)
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Sub-Scale Turbojet Test Cell

Figure 1.

2 of Reference 12)
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Figure 2

Photograph of Sub-Scale Test Cell
(Figure 3 of Reference 12)
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Figure 21.

SEM Photograph of Engine Exhaust Particulate
Sample Collected on 14 May 1982 During Tests
with JP-4 Only. (10 Kx Magnification)
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Figure 22. SEM Photograph of Engine Exhaust Particulate
Sample Collected on 14 May 1982 During Tests
with DGT-2 Concentration of 27.35 ml. addi-
tive/gal. JP-4. (10 Kx Magnification)
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