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ABSTRACT

Incineration, or more politically, waste thermal treatment, is a preferred method for waste handling
on board Naval platforms. It can accomplish several goals of at-sea treatment of shipboard wastes,
including volume reduction, sterilization, and detoxification. It is also considered to be the most cost-
effective approach available and among the safest, requiring little specialized personnel training.
Unfortunately neither land-based nor existing seaworthy incinerator designs can meet the Naval
requirements of compactness and light weight. This has lead to the exploration of novel approaches,
such as the use of forced acoustics to improve heat transfer, turbulent mixing, and firing density in

order to reduce the size and increase the throughput of incineration systems.

EER has designed and constructed two experimental facilities to study the application of forced
acoustics for the improvement of waste thermal treatment as it might be applied to the next
generation of Naval platforms that are now only in the conceptual phase of development. One of
these facilities is an experimental secondary oxidation chamber, following the work of Parr, et al,
that might be coupled with any number of primary waste pyrolysis units. Preliminary tests indicate
that up to a factor of eight in volume reduction might be achievable with this design while reducing
the weight by as much as a factor of ten over current industrial practice. The data further indicate no
increase in priority pollutant emissions relative to existing technologies, while the acoustic forcing
opens the opportunity for adoption of closed-loop active control of the thermal treatment process.

The second facility is based upon a 30-year-old design for a shipboard blackwater sludge
incinerator. Through acoustic forcing it is expected that the process throughput can be substantially
increased, principally as a result of enhanced heat and mass transfer between the primary
combustion products and the waste stream. At the same time, intelligent design changes and the
potential for active control of the incineration process will enable the thermal treatment of a wider
range of liquid shipboard waste streams. The status of these research efforts, preliminary
experimental results, and plans for future development are discussed.
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second stage is an afterburner intended to destroy the gaseous proaucts of waste pyrolysis.

In our example incinerator both the rate of pyrolysis product production _and the
composition of those products depend on the current state of the system and the nature of the
waste being processed. The afterburner must be designed so that under the worst case scenario
there will be no significant release of undesirable products of incomplete combustion released to
the atmosphere. Depending on local regulatory jurisdiction, this means that the minimum
temperature at the exit of the afterburner must be from 1700 to 2000 °F (925 to 1100 °C) and the
minimum residence time 1 - 2 s. This sets strict physical limits on the volume and weight of the
afterburner. By coupling forced acoustic controlled combusticn with a closed-loop feedback
control system able to respond in millisecond time frames, these requirements could be
drastically altered with the result being a much smaller, lighter, more robust afterburner having
better emission characteristics than conventional systems. -

EER and the Naval Air Warfare Center NAWC) are part of a project team that is examining
applications for forced acoustics in waste thermal treatment systems for use on U.S. Navy
warships. Two specific applications are under study. The first is an advanced afterburner, and
the second is a sludge incinerator. The approaches for the two systems are different, but both use
forced acoustics as a means to improve specific aspects of the system operation.

BACKGROUND

Blackwater sludge is the term for raw sewage that has been processed through a macerator
pump to produce a slurry containing about 98 percent water and slightly less than 2 percent
solids. Presently, there are about 30 U.S. Navy ships using blackwater sludge incinerators. These
incinerators, illustrated in Figure 1, are based on a 1950s technology and were first commissioned
by the Navy in the mid 1960s. Sewage is introduced through a coarse hollow-cone spray nozzle
at one end of the incinerator. The majority of the spray droplets impact on the inconel walls of
the unit where they evaporate and pyrolyze and the resulting gases are incinerated. A
tangentially-mounted burner, fueled with JP-5, induces a vortical flow in the incinerator and heats
the walls. Exhaust is removed through a large air cooled port located on axis at the end opposite
the sludge nozzle. ™

At present this sludge incinerator design is capable of treating only blackwater sludge and has
a throughput capacity of 30 gph, its emission characteristics are not well known, and there are no
regulations covering its operation. The U.S. Navy wants to change the operation of this sludge
incinerator in a number of ways to make it more compatible with current and planned shipboard
operations.
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The Navy is presently developing polishing technogies to clean up “grey water”, that is
water collected from showers and sinks, and possibly galleys. This water is being cleaned up to
comply with Clean Water Act standards so it will not introduce pollutants to the oceans when
dumped overboard. Along a similar vein the Navy has developed oil separation systems to
remove oil and solvents from bilge water so it to can be dumped overboard. The residuum from
these clean up operations is targeted for treatment in the blackwater sludge incinerator. On top
of these efforts, the Navy is also looking into systems for removing half of the water from the
blackwater sludge, that is, doubling the solids concentration. After all, one of the main functions

of the blackwater sludge incinerator is to evaporate water, which is a very energy-intensive -

process. Removing half the water will increase the solids concentration to nearly 4 percent, which
will change the spray characteristics considerably. Finally, the Navy wants to increase the
throughput of blackwater sludge by 30 to 50 percent.

Possible effects of these changes include increased particulate matter production, increased
alkali in ash, introduction of chlorinated solvents with concomitant corrosion issues, and reduced
residence time in the combustion chamber. Forced acoustics is being considered as one part ofa
suite of technologies used to address the Navy needs to adapt the blackwater sludge incinerator
to the new process stream compositions. The combination of increased heat and mass transfer
induced by a high sound pressure level (SPL) acoustic field can both increase droplet evaporation
ratesé and enhance the firing density of the primary fuel.

The controlled vortex afterburner has been under development by NAWC for several years.
Their efforts have yielded a number of accomplishments including derivation of scaling criteria
and the discovery that NOx and CO emissions could be simultaneously reduced by proper
control of their system7.8. The basic operation of the controlled vortex afterburner is illustrated in

~ Figure 2. Starting on the left of the figure we have a central air jet issuing past a dump plane. This

jet induces the periodic formation of annular vortices. Fuel can be introduced through an annular
opening in the surface of the dump plane coaxial with the air jet so that it is entrained into the
vortices and mixed with the vortex gases through strain-enhanced diffusion and convection. If the
system is ignited, the vortex will consist of air mixed with hot reacting combustion products. As
fuel is added to the vortex its ignition will be strain delayed, resulting in reduced NOx emissions
(as a result of lower peak combustion temperatures) and reduced products of incomplete

-combustion (as a result of improved mixing and elimination of “cold™ pockets).

The behavior of the system is enhanced dramatically if acoustic forcing is used on both the
central air jet and the annular fuel stream. The production of vortices by the central air jet is
periodic with a natural frequency. However if the intervals between successive vortex shedding
events are measured and recorded, a probability density function (PDF) can be constructed, as
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shown on the left of Figure 3, that shows a broad distribution of time intervals centered around
the natural frequency. By forcing the jet at or near its natural frequency the PDF is collapsed to a
narrow spike, illustrated on the right of Figure 3, allowing the vortex shedding events to be
accurately predicted and controlled. Likewise, the annular fuel jet can be modulated with acoustic
forcing. By setting the two frequenicies equal and adjusting the phase angle between the two
forcing functions the fuel can be introduced at the optimal point for entrainment and mixing with
the vortices.

Further improvement to this system was achieved by introduction of a secondary air stream
introduced annularly and coaxially with the fuel stream8. By modulating the secondary air rather
than the fuel is it possible to “gate” the introduction of the fuel, and enhance performance even
more. The work of Parr, et al.7.8 showed that DREs for benzene increased from about 3-nines to
better than 5-nines (detection limit), CO emissions were reduced from 2900 to as low as 2 ppm
and significant reductions in both NOx and unburned hydrocarbons were observed. The basic
system design has been scaled up in stages from about 4.7 kW to 300 kW with most of the tests
conducted in open air, but with some work done using an open-end tubular enclosure. The
combined effort by EER and NAWC extends this work to an enclosed system to simulate the
environment in an actual incinerator aftert-urner. '

BLACKWATER SLUDGE INCINERATOR

The blackwater sludge incinerator effort is in the design stage. A full-scale mockup of the
incinerator, shown in Figure 4, has been constructed according to design criteria that include
matching all physical dimensions and reactant flow rates, plus simulation of the thermal
boundary conditions of the original unit. Ports have been added both for optical access and to
permit gas and particulate sampling, and the incinerator has been instrumented with
thermocouples to monitor temperatures and heat fluxes through the walls.

EER has also engaged the services of Hersh Acoustical Engineering, Inc. to design an acoustic
driver system for the blackwater sludge incinerator. An array of acoustic ports will be installed
on the spray nozzle end of the incinerator according to the layout shown in Figure 5. This array
of eight loudspeakers will permit the simultaneous excitation of multiple acoustic modes in the
incinerator so as to induce large SPLs and SPL gradients throughout the combustion chamber
volume. :

Tests scheduled on the blackwater incinerator simulator will first include establishment of a
baseline performance characterization. This will include operation of the system at 30 gph of 2
percent solids sludge. Measurements will be made of gaseous and solids emissions, gas and
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surface temperatures, and visual observation of operational characteristics. Once the acoustic
array is added to the system a series of tests will be conducted in which both the burner firing
rate and the sludge feed rate are increased to the point of system failure. System failure occurs
when sludge accumulates in the bottom of the incinerator and exhaust temperatures rise due to
reduced sludge boil-off. The load and firing rate at system failure will be noted and then the tests
repeated with longitudinal acoustic excitation at 1000 Hz and 150 dB SPL. It is the objective of
these brute-force tests to demonstrate and observe any increase in system throughput attainable

through the use of acoustic forcing.

- Future plans for the blackwater sludge incinerator simulation unit include first the study of
acoustic modes other than the longitudinal mode. The eight-loudspeaker array is designed to take
advantage of spinning and rotating acoustic modes through phase delay sequencing of the driver
signals to the individual speakers. Depending on the magnitude of effects noted with alternate
acoustic modes, alternate system geometries may be employed. For example, to take full
advantage of the acoustic impacts on heat transfer, it will be desirable to eliminate the existing
hollow-cone spray nozzle in favor of a solid cone nozzle that will produce smaller droplets with
a lower droplet velocity. This will give the droplets more time to evaporate, while
simultaneously reducing their evaporation time. This, of course, means changing fundamentally
the way in which the incinerator operates and may necessitate further geometric changes to

accomodate the differences.

Other plans include blending of simulated bilge water sludge with the blackwater sludge,
working with a more concentrated blackwater sludge, and possibly changing the burner geometry
to an axial firing configuration.

CONTROLLED VORTEX AFTERBURNER

* The final design of the controlled vortex afterburner tested at EER is shown in Figure 6. This
device was attached to a 24-inch inside diameter cold wall package boiler in the configuration
shown in Figure 7. Parametric tests were then conducted to determine whether the work of Parr
could be extended to closed systems, and how enclosure would impact performance. In these

initial tests CO was used as a surrogate for system performance. Although unburned

hydrocarbons were monitored for DRE, in all cases where acoustic excitation was used the
measured levels were below the detection threshold of the instrumental hydrocarbon analyzer and

so were of limited use in the parametric studies.

The existence of an optimal frequency for acoustic excitation is illustrated by Figure 8 which
shows the effect of driving frequency on CO emission levels at two different system
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stoichiometries. For the most fuel-lean case very little effect of driving frequency is evident
because CO levels are already low even in the absence of acoustic forcing. However, at Phi = 0.8,
where CO concentrations of 420 - 550 ppm were measured in the absence of acoustic forcing, a
very distinct minima in CO was detected at 241 Hz. This is very near the calculated opfimum of
220 Hz. The difference may be due to uncertainties in jet velocities, or may be related to changes
in the jet fluid properties due to the radiant heat loading from the heated refractory in the package
boiler. Once this optimal frequency was identified, it was used for the majority of further tests.

Figure 9 shows the impact of oxygen level on CO emissions in the absence of acoustic
excitation. The system behaves similarly to any combustion system in that the CO levels
decrease as oxygen increases. However, the magnitude of the CO levels suggest that in the
absence of acoustic excitation mixing of fuel and air in this system is poor. When the secondary
air flow rate is increased from 2 to 45 scfm the CO levels increase even further to nearly 900 ppm
(dry, 7% O>) in the worst case shown in Figure 9. However, as acoustic power is added to the
system the CO levels drop dramatically as shown in Figure 10. The power levels shown in the
figure are estimates based on linearization of the manufacturer’s laboratory test data on the Ling
acoustic transducer. However, even if the power levels shown are not highly accurate the results
of these tests suggest that an acoustic power level on the order of 100 W is sufficient to reduce
CO levels to about 40 - 50 ppm. It should also be noted that while the worst unforced emission
levels were obtained using a secondary air flow rate of 45 scfm, with acoustic forcing the CO
emissions were comparable to the best results obtained.

To date, no data have been collected in the EER system with phase synchronous acoustic
excitation of either the secondary air or the fuel stream. However it is to be expected, based on
open-air tests conducted at China Lake, that modulating the fuel will result in even lower
emissions. We are also upgrading our analytical equipment to provide for NOx emissions data, as
well as benzene detection limits at least two orders of magnitude lower than the present
instrumentation. These additional data will help to provide a more comprehensive picture of the
promise of acoustic afterburners for closed-loop active control of emissions in waste thermal
processing systems.

SUMMARY

EER and NAWC are investigating the use of acoustic forcing to improve the performance of
two incinerator technologies with the objective of fielding advanced incinerator concepts for fleet
operation. A blackwater sludge incinerator simulator has been built and is scheduled for testing in
the upcoming months. It is expected that acoustic forcing will permit an increased throughput of
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blackwater sludge, and that modifications to the sludge sprayer and burner will allow for greater
flexibility in waste feed with no deterioration in performance.

-

An advanced afterburner based on controlled vortex entrainment has been constructed and
undergone preliminary testing in a simulated secondary oxidation chamber. Results mirror
previous work conducted at China Lake and suggest that the concept will be effective for
enclosed systems such as practical afterburner designs.

Forced acoustics also provides an additional diagnostic for use in active feedback control of
both the controlled vortex afterburner and the blackwater sludge incinerator. By measuring both
the speed of sound and phase angle shifts using carefully placed acoustic transducers deductions
can be drawn about the gas molecular weight, and hence effectiveness of the incinerator. Since this
information is delivered at the speed of sound, millisecond response times are possible and this
opens the door for new levels of performance assurance for all waste thermal treatment systems.

ACKNOWLEDGEMENTS

Financial support for this work is provided by the Strategic Environmental Research and
Development Program of the Joint Chiefs of Staff under contract N00014-96-C-0105. Dr. Klaus
C. Schadow is the Project Technical Monitor.

REFERENCES

1. MARPOL refers to three international treaties: The Convention for the Prevention of Marine
Pollution by Dumping from Ships and Aircraft, adopted at Oslo on 15 February 1972; The
International Convention for the Prevention of Pollution form Ships, 1973, adopted at London on
2 November 1973; and The Protocol of 1978 Relating to the International Convention for the
Prevention of Pollution from Ships, 1973, adopted at London on 17 February 1978.

2. This program was mandated by 33USC1902(c).

3. Solid Waste Processing Equipment Installation Ship Impact Study:Plasma Arc Thermal
Destruction System. Report No. 95-013 prepared by John J. McMullen Associates, Inc. under
contract NO0024-87-0-4503 to Naval Sea Systems Command. 21 July 1995.

4. Karagozian, A.R. Technica/ Issues Pertaining to Environmentally Sound Ships. Defense Science
Study Group, Institute for Defense Analyses. November 1995.

5. Shipboard Pollution Control: U.S. Navy Compliance with MARPOL Annex V. Committee on
Shipboard Pollution Control, Naval Studies Board, National Research Council. National Academy




Forced Acoustic Field Effects on Incineration Processes: Paper 975-043 Western States Section ¢ The Combustion Institute
Research on U.S. Navv Shipboard Waste Disposal 1997 Spring Meeting « 14-135 April 1997 « Livermore. California

Press, Washington, D.C. 1996.

6. Dubey, R.K., Erickson, P.A., and McQuay, M.Q. Combustion Characteristics of an Ethanol Spray-
Fired Rijke-Tube Combustor in an Actively Controlled Acoutic Field. 1996. -

7. Parr, T.P., Gutmark, E.J., Wilson, K.J., Hanson-Parr, D.M., Yu, K., Smith, R.A., and Schadow, K.C.
Compact Incinerator Afterburner Concept Based on Vortex Combustion, Presented at: Twenty-
Sixth Intemational Symposium on Combustion. July 28 - August 2, 1996. Naples, Italy.

8. Parr, T.P., Wilson, K.J., Yu, K., Smith, R.A., and K.C. Schadow Actively Controlled Afterburner for
Compact Waste Incinerator Presented at: 15th International Conference on Incineration and
Thermal Treatment Technologies, Savannah, GA, May 1996.




LIST OF FIGURES
Figure 1. Schematic of the U.S. Navy blackwater sludge incinerator.
Figure 2. Illustration of the operation of the acoustic afterburner. -

Figure 3. Schematic of the probability density function of vortex shedding intervals induced by a
central air jet at a dump plane: left - natural shedding phenomenon; right - acoustically forced

shedding phenomenon.

Figure 4. Illustration of the full-scale mock up of the blackwater sludge incinerator constructed
for evaluation of acoustic enhancement. :

Figure 5. Layout of the acoustic drivers for evaluation of acoustics for enhancement of
performance of the Navy blackwater sludge incinerator.

Figure 6. Details of the design of the acoustic afterburner.
Figure 7. Layout of the acoustic afterburner installation in the package boiler.
Figure 8. Impact of driving frequency on CO emissions of the acoustic afterburner.

Figure 9. Impact of stoichiometry (oxygen concentration) on CO emissions in the absense of
acoustic forcing.

Figure 10. Effect of total acoustic power on CO emissions under four operating conditions of the
acoustic afterburner.




(NdDS s1-21)
(D18d 0p-0¢)

yje
v su._m_:mum vodayjyeq W M_W (ysnny)
ontepn ¥ 113YS [P
Suiziwory iy

(oxmeradway,
youms JOrIS 99npay 01 1sneyxy
wwwww%vw__,m > E I0)RIUIOU] YiM SIXIIA JIY YSal])
\\“ $3[OH uonn{i 1sneyxy

QA[RA
uonejos| a9pn|s

Iequiey)
uopnsnquio) J_ |

(NdY 009€)
Jauuedg | hUBO—m
RN — [eSnyinua)

O"H v\_:& ® "Xe WJOS 0pL <€

LA
r

Surs ] SA[EA ItV
ssﬁm__mm — pazHOTON —A00000p -
o ﬁ «— 11y 3U1j00)) 100(] «€——— 9jdnosounrayy, F VR
U Youmg
(moyary Juijoo) ;
+ o], JouIng soney) amssalg Jayreap
ond - 01O oL

1sneyxyg

X

uod
TN




“JUOWIUOJIAUD POXIW-{[aMm
e u1 aanjeradyia) paonpail

€ Je suIng [9n) 9y} pue
so1ug1 A|{enIuaAs ainjonns
gunnsar ayJ,'[ong jo 19x00d
oy sdojoaua £ja191dwod
X9)10A oY) A[jeniuaayg

uL0j 03 suidaq
X9MI0A Je[NUUR M3U B
‘pourad jauq e 101y

QL
- ——

Q .
O o[

PaXIW pue paydIans
s1 [9n} oY) sSurpunosins
9y} woij sased 10y urenus
pue 91ej01 0) SANUNUOD
X91I0A Y} SY

19f 9y Yum wieans umop
S9AOW 11 SB JOJOWRp Ul
spudexo X9MoA Jejnuuy

1ol 118 [BNURD
ay) woyy Keme ,spead,,

11 SB X9MI0A Y} 01U
paurenus s [any payosfu

!

I

R

\\

\\10199fug
[0 Jejnuuy

19f [onyg
Iejnuuy

ageyosip
10l Jo utod ay) Jeau
SWLIOJ X9MOA Jejnuuy

losnquiod

dun
\ P

(@

$9011I0A
Suidojaasp

bertirsemer—

v




$JU9AD UOHBULIOJ
X9)I0A U39M12q [BAIOIUL SWI],

————— T T e ]

Jdd padi10y A[[eonsnooy

uonouny Aysusp ANfiqeqoid

SIUIAQ UONBULIO]
X91I0A U99M19q [BAIIUI QWL ],

-

Kouanbaiy
[eInieN

|
|
|
|

ddd eimeN

uonounj Ajsuap AjIqeqolid



M uonodfug
- — — IIPNIS
! _H_ nemydelyg

Xog JojeIauiduy

aeld

pajoo)

ny
Surjoo [IEA Jot1ojuy .=<>m“"m.woo Jouang
e sAneipey sseq ajqnoq paaLI-L

Isneyxy




Acoustic Driver Ports (8)

Sludge Nozzle

Q
/}
O




Fuel/Pyrolysis
S Gas .
Speaker — m
I ]
Secondary Air —» —— hi
K | %
Primary Air ——»
\ Water Cooling Jacket




INO wisy 68

9)eyd MO
buyidures P L —
| POYIOIN — 0 [l n______ 0 0 @
/ | m
<« | oAl I —
(XON ‘OHL ‘00 v \ ol
20 200) W30 e A e A
pue (euozuag) L] _ L/ _él_
SW/OD oL SUOod \ wiey |
uoneAlasqO Mg
pue Bujjdwes
| /Aadnpsuel ] S|0J1U0D

F ainsselid




™

S @
o O
Il i
= E
a o
R O

o
Q
n
o
o
<t
o
Q
™
o
(@)
Al
o
o
-
_t L | | o
o o (=] o o o o
o Q (@] Q o o
[le] w <t (4] A -

(20 % £ ‘fup) wdd ‘apixouopy uoqie)

Frequency, Hz




(A1p) painsesyy se uabAxQ usdsed

ol 8 9 v Z 0
, T T I 0

%

-1 oot §

. g

-1 002 =

- 00€ 3

X,

- oov &

-{ 0053

3

i o

009 3

- 00z ~

wjos Gy =Je .2 @ N

| -1 008 Q

wpszg=Je.z M O/l D
006




Wjos gy = lie ¢ 2L0=ud ¢
Wjos ¢ = M1e ¢ ‘YL0=ud V¥
wpsg=lJe.g'80=ud @
wyos N =le.2'e90=ud M

M “4emod o1snooy
009 005 OO0y 002 00c 001




