Environmental Research Program

1994 Annual Report

| AdOD 3ON3IY3I43Y |

931e|nouL) |
I0N s@0q

*Adeuqil gs *Bpla

T Adojp

Energy & Environment Division

Lawrence Berkeley Laboratory
UNIVERSITY OF CALIFORNIA

@ss9e-1a7



Available to DOE and DOE Contractors from
Office of Scientific and Technical Information
P.O. Box 62, Oak Ridge, TN 37831

Prices available from (615) 576-8401

Available to the public from

National Technical Information Service

U.S. Department of Commerce

5285 Port Royal Road, Springfield, VA 22161

Prepared for the U.S. Department of Energy under Contract No. DE-AC03-76SF00098




DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any

. information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



Environmental Research Program
1994 Annual Report

Nancy J. Brown, Program Head

Energy & Environment Division
Lawrence Berkeley Laboratory
University of California
Berkeley, California 94720

(510) 486-5001

36550
Report No. LBL-35348




I oot [

Introduction

Flue-Gas Chemistry

Bench Scale Tests of Fe>*(DMPS) Solutions for the Removal 0f NO Gas ........ccc.vcuricunermeeierinseesinreosenissssess s esssssssesssnsseses 1
POZONE Process for the Bleaching Of PULP ...ttt sttt 1
POZONE Process for the Destruction of TCE ' e 2
Effect of Water on the Catalytic Reduction of Sulfur DIioxXide ...t 2
Decomposition of CO, to Carbon Using FEITIES ........cciciiiiiiiiieiuiiiiisini s s e 3
An XPS Study of Nitrogen-Sulfur Compounds 3
Hydrolysis of 2-Aminoethanethiolsulfate Ions 4
Combustion

Thermal Destruction of ToXic COMPOUNAS ......cocirimriciiiiieic i et sb s s bbb n s 5
Combustion Fluid Mechanics 6
CombUSHON CREMUESIIY .....iiiiiriicci bbb bbb bbbt s ecenieren e acerens 9
Chemical Mechanism REAUCHION ...ttt e bt ncanae 11
Numerical Simulation of Combustion with APPIICATIONS .......c.oveiciiiiiiiic et 13

Atmospheric Processes

Water Vapor Nucleation on Carbon Black and Diesel Soot Particles ..o 14
Organic Aerosols and Cloud Condensation Nuclei at Point Reyes, California
Analytical Expression for CCN Activation Spectra of Atmospheric Aerosols and Its Application

to the Interpretation of CCN Concentration Data ...t 16
Parametrization of the Fraction of Activation of Atmospheric Aerosols

Ecological Systems

Heavy Metal Environmental Contaminants: Toxicology and Bioremediation 17
Predicting Chronic Toxicity in Aquatic and Terrestrial Ecosystems .........ccccc..... 18
Predicting Optical Properties 0f Marine AGTOSOLS ...........ccciiririiiiicincciscriie st st 21
New Approaches to Assessing the Oceans as @ Carbon SINK .........cociiiiiiciiii sttt nenenceeee 22

Lawrence Berkeley Laboratory Interests, Approaches, and Capabilities in Ecological Research
on the Consequences of Climate and Atmospheric Change ............ccciviiiiiereiies et e ee s 23



Bl Introduction I

he objective of the Environmental
Research Program is to enhance
the understanding of, and miti-
gate the effects of pollutants on health,
ecological systems, global and regional
climate, and air quality. The program is
multi-disciplinary and includes funda-
mental research and development in effi-
cient and environmentally-benign com-
bustion, pollutant abatementand destruc-
tion, and novel methods of detection and
analysis of criteria and non-criteria pol-
lutants. This diverse group conducts in-
vestigations in combustion, atmospheric
and marine processes, flue-gas chemis-
try, and ecological systems.
Combustion chemistry research em-
phasizes modeling at microscopic and
macroscopic scales. At the microscopic
scale, functional sensitivity analysis is
used to explore the nature of the poten-
tial-to-dynamics relationships for react-
ing systems. At the macroscopic level,
combustion processes are modelled us-
ing chemical mechanisms at the appro-
priate level of detail dictated by the re-
quirements of predicting particular as-
pects of combustion behavior. Parallel
computing has facilitated the efforts to
use detailed chemistry in models of tur-
bulent reacting flow to predict minor spe-
cies concentrations.
Investigations in turbulent combus-
tion have resulted in development of a
laboratory burner that produces very in-
tense turbulent flames. It can be used for
fundamental research of turbulence-
flame interactions under the conditions
encountered in most practical devices. It
is also ideal for future work on ignition
and extinction phenomena. With the
award of a DOE Energy Research Labora-
tory Technology Transfer Co-Operative
Research and Development Agreement
with Teledyne-Laars in Moorpark, Cali-
fornia, a program was initiated to com-
mercialize the weak-swirl burner for use
in'small to medium water heaters. The
focus is to develop a production proto-
type operating at 10to 50 kW. Progressin
the investigation of flame-gravity cou-
pling includes completing a series of
microgravity experiments on board a
Learjet. The results help to identify the

gravitational influences on flame propa-
gation.

In the past year, the Flue Gas Chem-
istry Group has focused on controlling
and converting atmospheric and aque-
ous pollutants. They have continued to
develop techniques for converting NO,
S0O,, and COZ, which are pollutants from
energy generation. The simultaneous re-
moval of SO, and NO from flue gas by
using an aqueous mixture of limestone
and an iron compound has been success-
fully demonstrated on a bench-scale
scrubber. In addition, a catalyst which is
capable of converting SO, to elemental
sulfur in the presence of moisture has
been developed. A new, phosphorus-
based process called POZONE has been
developed and applied to help paper
manufacturers bleach white paper with-
out creating wastewater containing haz-
ardous chlorinated-organic compounds.

In research exploring thermal de-
struction of toxic compounds, metal at-
oms and compounds have been detected
inhigh temperature combustion exhausts
using a variation of excimer laser frag-
mentation fluorescence spectroscopy
(ELFFS) and a patent application for this
method has been submitted. A CRADA
with Thermatrix Inc. has been initiated to
study and measure the destruction of
chlorinated hydrocarbons in a commer-
cial packed bed reactor. A detailed reac-
tion mechanism has been developed for
the high temperature destruction of
1,1,1-trichloroethane.

The Atmospheric Processes Group
has developed and validated a methodol-
ogy to quantify the contributions of sul-
fate, seasalt, and organic components to
cloud condensation nuclei number con-
centrations. They have found thatat Point
Reyes, California, the contributions of
organic and sulfate aerosols to CCN are
variable, ranging from ~20 to ~65% for
sulfate and ~5 to ~80% for organic aero-
sol.

Particlesin the atmosphere affect vis-
ibility, cloud formation, radiative trans-
fer, and the heating and cooling of the
earth. Researchers areinvestigating opti-
cal properties of the marine boundary
layer (MBL) to study visibility and radi-

ant transfer near the ocean surface. Mie
scattering models were developed to cal-
culate the polarization properties of light
scattered from combinations of particles
of varying size distribution and composi-
tion. Scattering predicted from aerosols
whose size distributions and composi-
tion havebeen measured in the MBL were
found to differ from the scattering pre-
dicted from marine aerosols whose size
distributions are computed using aerosol
formation models. Scattering induced by
a sea salt component caused significantly
different polarization from that predicted
for soot components. These calculations
suggest that the polarization of light in
the marine atmosphere is variable, that
predictions using common models of size
distributions may need modification, and
that measurement of the polarization of
light in the marine environment would
be useful in determining the aerosol com-
position.

" Programs in ecological systems are
diverse, ranging from genetic
ecotoxicology to studies of global climate
change. Researchers in the Genetic
Ecotoxicology Research Laboratory have
investigated the relationship between
genotoxicresponseand reproductive suc-
cess in aquatic organisms. Specifically,
they established this relationship for two
animal models—sea urchins and nema-
todes. They developed an assay using sea
urchins to evaluate effects of exposure to
UV-B - the first animal model to evaluate
the genotoxic effects of Antarctic ozone
depletion. They have established that
ambient levels of UV-A and UV-B have
significant effects on sea urchin embryos
in Antarctica, even after peak ozone deple-
tion. LBL ecotoxicology scientists have
also performed an important role in es-
tablishing broad priorities for the field of
ecotoxicology. The group enjoyed orga-
nizing the Napa Conference on Genetic
toxicology that was funded by the Na-
tional Institute of Health.

Methane, an important carbon sink
and greenhouse gas, may be sequestered
inhydrates (clathrates). The conditions of
methane clathrate formation have been
measured in sea water (salinity = 35 parts
per thousand) and in solutions represen-



tative of anoxicmarine pore waters. Meth-
ane-hydrate stability curves for all solu-
tions can be successfully and simply pre-
dicted to within analytical precision for
any solution. Using dissolved ion con-
centrations for pore waters »i_n“and"‘ near
hydrated sediment, it was found that
methane hydrate is slightly less stable in
most pore waters than in sea water.

In response to a request from the
Program for Ecosystem Research in the
Office of Health and Environmental Re-
search of the U.S. Department of Energy
(DOE), new innovative approaches and
strategies to identify and quantify the
vulnerability of ecological systems to at-
mosphericand climatic changes weresug-
gested. Unique applicable scientific ca-
pabilities at LBL were identified. The

approachesincluded 1) Adaptiveand Mo-
lecular Genetic Responses: Studies of the
Interactions of Ecosystems with Climatic
and Atmospheric Changes; 2) Anoxic Re-
gimes, Environmental Stress, and Green-
house Gas Biogenesis; 3) Integrated
Paleoclimatic and Paleoecological Study
of a Western Delta Watershed; 4) Interac-

* tions Between Biogenic Aerosols and Cli-

mate; and 5) International Assessment of
Ecological Consequences of Climate
Change on Forest Sectors.
Programscientists have worked with
otherinvestigators within the Energy and
Environment, Earth Sciences, Life Sci-
ences, and Information and Computing
Sciences Division on the SELECT project.
The goal of the SELECT project is to de-
sign and develop a distributed, object-
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. Flue Gas Chemistry .

FeZ*(DMPS) solutions have been
demonstrated to possess several suitable
chemical properties for the absorption of
NO from flue gas. These properties in-
cludeahighNOabsorption capacity, more
resistance to the oxidation by oxygen,
and theability to formastable iron nitrosyl
compound. The absorbed NO can be con-
verted to ammonia by both electrical or
chemical reduction methods. In the last
year, we have conducted laboratory ex-
periments to obtain data for use in the
prediction of NO removal efficiency in a
commercial-scale scrubber. The removal
efficiency of NO in a scrubber depends
not only on chemical reaction rates but
also on the mass transfer rate. We have
performed experiments with a stirred re-
actor to determine the chemical reaction
rate of NO with Fe?*(DMPS) solutions. In
addition, we have carried out tests on a
bench-scale scrubber to determine the
mass transfer contribution and the pa-
rameters that affect the NO removal effi-
ciency. Furthermore, we have made an
attempt to predict the performance on a
full-scale limestone spray absorber.

A double stirred reactor with a plain
gas-liquid interface was used to measure
the absorption rate of NO in Fe?*(DMPS)
solutions. The liquid-side mass transfer
coefficient for the system was determined
by measuring the rate of absorption (as a

Current methods for bleaching pa-
per pulp rely heavily on chlorine and
chlorine-containing compounds. While
these processes are effective, they can
produce dioxin and other chlorinated
compounds. Thereare increasingly strin-
gentregulations on release of chlorinated
hydrocarbons in wastewater and to the
air. Alternativesto chlorine-based bleach-
ing processes are needed. We had previ-
ously utilized yellow phosphorus as a

Y. Shiand 5.G. Chang

function of liquid stirring speed) of carbon
dioxide into water at 25°C. The gas-side
mass transfer coefficient was determined
from the absorption (as a function of the
gas stirring speed) of sulfur dioxide into a
sodium hydroxide solution. These values
were used in analyzing the transfer of NO
into solutions of Fe?*(DMPS). Under the
conditions of the experiment, the concen-
tration of Fe?*(DMPS) in the solutions was
much greater than the concentration of
NO at the interface and the process simpli-
fies to pseudo-first order conditions. The
results indicated that the absorption rate
was nearly proportional to the partial pres-
sure of NO. The reaction rate constant was
1 x 107 1/mol-sec at 55°C.

Thebench-scale tests were conducted
with a 4"-diameter turbulent contact ab-
sorber (TCA).

TCA is a gas absorber containing a
bed of low density spheres fluidized by
upward flowing gas while scrubbing li-
quors are pouring downward. The
spheres are hollow plastic balls that have
densities below that of water. Tests with
a TCA would allow a more accurate mea-
surement of gas-liquid interfacial area
per unit volume of contact zone because
of less wall effect compared with a regu-
lar spray absorber. In addition, when
compared with a packed bed reactor,
plugging is less likely to occur in the

POZONE Process for the Bleaching of Pulp
S.M. Wang, D. Littlejohn, and 5.G. Chang

source of ozone in flue gas scrubbing
systems and in destruction of hazardous
organic compounds. We have found that
it is also effective in bleaching and
delignifying paper pulp.

Thisresearch was conducted to deter-
mine the effectiveness of yellow phospho-
rusin paper pulp processing. A brightness
measurement system was set up to deter-
mine the change in brightness of the pulp
during treatment. Initial studies investi-

Bench Scale Tests of Fe?*(DMPS) Solutions for the Removal of NO Gas

fluidized bed . Theresultsona TCA show
thattheremoval efficiency of NOincreases
along with an increase of L/G (the flow
rate ratio of scrubbing liquids to flue gas
in gpm /1000 acfm). With a Fe?*(DMPS)
concentration of 47 mM, the removal effi-
ciency was 63% and 53% atan L/G of 118
and 70 respectively. In addition, the re-
sultsindicated that the removal efficiency
of NO is independent of NO concentra-
tion in flue gas.

Based on a mathematical model and
on the TCA results, we have made an
attempt to predict the performance on a
full-scale limestone spray scrubber. The
number of transfer units would be 0.5
which corresponds to a NO removal effi-
ciency of 40%, assuming the height of a
spray absorber to be 60 ft, a flue gas
superficial velocity of 10 ft/s, and an av-
erage spray droplet diameter of 2 mm. If
the diameter of droplets could bereduced
from 2 mm to 1.5 mm while maintaining
all other parameters, the number of trans-
fer units would increase to 1.17 which
corresponds to a NO removal efficiency
of 69% . Further reduction of the diam-
eter of droplets would substantially in-
crease the removal efficiency of NO.

We are currently working on a new
regeneration method for the Fe?*(DMPS).
We will conduct integrated tests on a
bench-scale limestone system.

gated the bleaching of low consistency
pulp, using 2% pulp in water with P, at
60°C. The mixture was stirred and air was
bubbled through it. Pulp treated by this
process (POZONE) showed some increase
in brightness, although the increase was
small. Webelieve that this was due to poor
contact between the phosphorus and air.

From the information gained in the
early studies, an improved reaction sys-
tem was developed. The pulp was first
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acidified and water was removed to 50%
consistency. The pulp was then sus-
pended above a spray/aeration contact
system for the water-phosphorus mix-
ture. The gas stream from this system
carried the ozone generated to the sus-
pended pulp. This process achieved sub-
stantial brightness gains in the pulps
tested. The changes achieved are listed
below.

In one step, the phosphorus treat-
ment generated brightnesses comparable
to those obtained commercially using
chlorine, caustic, and hypochlorite treat-
ment steps. This indicates that this is a
very promising concept.

After discussions with pulp compa-
nies, we believe the POZONE treatment
of pulp would be best performed follow-
ing the oxygen delignification step and

Sample Initial Brightness Final Brightness
pulp L 44 81

pulp G-P 52 77

pulp L-P 46 70

pulp W 28 72 .

In recent years, we have been study-
ing the effectiveness of yellow phospho-
rus in destroying toxic organic com-
pounds. Trichloroethylene (TCE) is a
halogenated hydrocarbon that is widely
used in industrial applications. In the
past, there have been TCEleaks and spills
that have contaminated soil and ground-
water. Technologies are being developed
for extraction of TCE from contaminated
sites, but disposal of TCE is still difficult.

We report here our studies of the
destruction of TCE using yellow phos-
phorus in the POZONE process and us-
ing ozone alone. Yellow phosphorus re-
acts with oxygen to produce oxygen at-
oms and phosphorus-oxygen com-
pounds. These products interact with
molecular oxygen and water to generate
ozone and hydroxyl radicals. Ozone and
hydroxyl radicals can attack TCE and
break it down to innocuous organic sub-
stances.

Experiments were conducted by bub-
bling nitrogen through TCE in a water
bath to generate a gas mixture containing
TCE. Ozone was generated by flowing
oxygen through a corona discharge-type
ozone generator. The oxygen-ozone mix-
ture was flowed into the nitrogen-TCE
mixture, and the gases were flowed
through a heated reactor. The gases were
then flowed through a sodium hydroxide
solution. Samples of the gas stream could
be collected before or after the reactorand
analyzed by gas chromatography for TCE
and CO,. Thesodium hydroxidesolution
was analyzed for organic compounds
collected from the gas stream by ion chro-

POZONE Process for the Destruction of TCE
S.M. Wang and S.G. Chang

matography. In the phosphorus experi-
ments, air was added to the nitrogen-TCE
mixture and flowed through a reactor
through which a phosphorus-water mix-
turewassprayed and recirculated in coun-
tercurrent fashion. The gases leaving the
reactor were again trapped with a so-
dium hydroxide solution. Reactant and
product analyses were conducted in the
same manner as the ozone experiments.
Some experiments were also conducted
using hydrogen peroxide in conjunction
with yellow phosphorus. '

The products generated by the oxi-
dation processinclude CO,, dichloroacetic
acid, formicacid, glyoxylicacid, and chlo-
ride ion. Yellow phosphorus was con-
verted to phosphate and phosphite ions.

Sulfur dioxide is a major pollutant in
power plant flue gases. Processes are
currently under development to extract
and concentrate the SO, from the flue gas.
Itisadvantageous to converttheextracted
sulfur dioxide to elemental sulfur, since
the element is in greater commercial de-
mand. An inexpensive, efficient method
of reduction of SO, to elemental sulfur is
needed. Earlier, we reported the devel-
opment of an efficient catalyst, Cat S, to
promote the reduction of sulfur dioxide
with synthesis gas and methane. The

Y. Jin and S.G. Chang

LBL Energy & Environment Division

before the final hydrogen peroxide
bleaching step. We have obtained oxy-
gen delignified pulp from several pulp
companies. We are using these pulps to
optimize the increase in brightness in the
minimum amount of time.

Inaddition to the brightness of pulp,
we are studying the effect on the fiber
strength (viscosity) and lignin content
(kappa number) of pulp subject to the
POZONE treatment.

Weare continuing our development
of the use of phosphorus in the bleaching
and processing of paper pulp. Wearein
contact with several pulp companies on
how to best apply this promising new
technology.

Improved TCE removal by ozone was
observed as the reactor temperature was
increased. Longer contact timeimproved
the destruction of TCE by both the ozone
and POZONE processes. TCE removals
of 70% to in excess of 90% were observed.
The ratio of reactant to TCE had more
effect on TCE removal in the ozone pro-
cess than in the POZONE process. Addi-
tion of H,O, to the POZONE system did
not improve TCE removal or conversion
to CO,. Lower TCE removal was ob-
tained when the TCE concentration was
increased. The POZONE process ap-
pears to be a promising method for TCE
destruction, and we plan to continue to
develop the process to optimal conver-
sion.

Effect of Water on the Catalytic Reduction
of Sulfur Dioxide

catalyst is composed of several metal ox-
ides on a y-alumina support. The overall
reaction can be written as:

250,+3H,+CO - S,+CO,+3H,0 (1)

There are a number of reactions that
can occur on the catalyst, some of which
produce undesirable products such as
hydrogen sulfide, carbonyl sulfide, and
carbon disulfide. The catalyst has shown
high selectivity for the desired products
over a wide range of operating condi-
tions.




LBL Energy & Environment Division

Previously, the catalyst had been
studied only using pure reactant gases.
In industrial situations, however, a num-
ber of contaminants may be present which
could interfere with the operation of the
catalyst. One common contaminant is
water, which may be present as the result
of an aqueous-based sulfur dioxide ex-
traction process. We have conducted a
number of studies on the effect of water
vapor on the operation of the catalyst.
Water vapor wasadded toa flow of sulfur
dioxide, carbon monoxide, and hydro-
gen to generate a concentration of 15%
H,0O. The mixture was flowed over the
catalyst bed at a range of conditions, and
the yields of elemental sulfur, hydrogen
sulfide, and carbonyl sulfide were mea-
sured.

At the lowest temperature, 340°C,

Thereisconsiderableinterest in meth-
ods to convert carbon dioxide to other
compounds due to the rising concentra-
tions of CO; in the atmosphere. Catalytic
methods of carbon dioxide conversion
have been reported, but many processes
require high temperatures and exhibit
relatively low selectivity. We have been
investigating the decomposition of CO,
on modified ferrites at the relatively low
temperature of 300°C, with promising
results.

Previously, magnetite had been
found to be effective in the reduction of
CO, to carbon. Ferrites belong to the
same spinel-type structure as magnetite
and are promising candidates for effi-
cientreduction of carbon dioxide. Ferrites
can be prepared with divalent transition
metalions substituted foriron. Nickel(I)-
and cobalt(I)-bearing ferrites were pre-
pared by the air oxidation of a hydroxide
suspension of ferrous sulfate and either
nickel or cobaltsulfate. After preparation
of the modified ferrite solid, it was char-
acterized by x-ray diffractometry and
Mossbauer spectroscopy.

The ferrites were activated by flow-
ing hydrogen over them at 300°C. The
hydrogen reduced the material to create
an oxygen-deficient ferrite that retained
the spinel structure. Excessive reduction
of magnetite by hydrogen created metal-
liciron. This material showed muchlower
reactivity to CO, than optimally reduced
magnetite. Care was taken to avoid ex-

s

Environmental Research Program 1994 Annual Report

the presence of water caused significantly
pooreryields of elemental sulfur and car-
bon, and increased the production of COS.
However, the effect of water diminished
withincreasing temperature, and at440°C
and above, there were only minimal dif-
ferences between the yields with water
and without water. The conversion as a
function of the molar ratio R = [(CO + 3
H,)/S0O,] was studied in the presence of
water vapor. It was found that the high-
est yield of elemental sulfur (97.1%) was
obtained at R = 2.2, whereas without wa-
ter, the maximum sulfur yield was 94.4%
at R =2.0. This can be understood from
the effect of water on the following equi-
libria:

50, +2H, & 055,+2H,0

SO, +2CO & 05S,+2CO,

2
3)

Decomposition of CO, to Carbon Using Ferrites
T. Kodama and S.G. Chang

cessive reduction of nickel and cobalt-
bearing ferrites to avoid the formation of
metallic components.

The reduction of CO, was conducted
by injecting a known amount of CO, into
a sealed tube containing the material un-
der test at 300°C. Gas samples were col-
lected periodically and analyzed by gas
chromatography. Both of the substituted
ferrites proved to be superior to magne-
tite in the reduction of CO,, and Ni(ID-
bearing ferrite was substantially better
than Co(Il)-bearing ferrite. The lattice
constant of the Ni(Il)-bearing ferrite in-
creased after reduction by hydrogen, in-
dicating oxygen deficiency. After contact
with carbon dioxide at 300°C, the lattice
constant decreased. This shows that the
oxygen atoms from the decomposition of

Nitrogen-sulfur compounds form in
aqueous solutions used for absorbing ni-
trogen oxides and sulfur dioxide from
flue gas. These compounds include
hydroxyimidodisulfate (HIDS), hydroxy-
sulfamic acid (HSA), nitridotrisulfate
(NTS) and imidodisulfate (IDS), as well
as hydroxylamine and sulfamicacid. The
oxidation states of nitrogen and sulfur in
the compounds have not been well de-
fined. We have made X-ray photoelec-

SO, +2COS ¢ 2CO,+ 158, (@)

CO + 055, < COS )

Water drives reaction (2) to the left,
resulting in a corresponding shift of reac-
tions (3) and (4) to the right. The higher
value of R can be attributed to reaction
(5). The additional COS formed is con-
sumed in reaction (4).

From these studies, we conclude that
the presence of water in the reaction mix-
ture will not have a significant deleteri-
ous effect on the conversion of sulfur
dioxide to elemental sulfur. The effects of
water are most pronounced atlower tem-
peratures. The optimal conversion con-
ditions obtained with water were fairly
similar to those in the absence of water,
and water did not havea significant effect
on yields at these conditions.

CO, are incorporated into the oxygen-
deficient lattice.

After reaction with carbon dioxide,
the solid was analyzed for carbon. One
analysis was conducted by dissolving
the material in hydrochloric acid and
filtering out the undissolved carbon. This
method isolated only 51% of the carbon
formed from the reduction of CO,. How-
ever, combustion analysis of the solid
yielded a carbon content close to that
determined from the loss of CO,. The
difference between the methods can be
attributed to the formation of two types
of carbon, one in the form of isolated
carbon atoms (o form) and the other
existing as' polymer carbon (B form),
which would be separated after dissolu-
tion. -

An XPS Study of Nitrogen-Sulfur Compounds
D. Littlejohn and S.G. Chang

tron spectroscopy (XPS) measurements
on a number of nitrogen-sulfur oxide
solids to better understand the forma-
tion and decomposition of these com-
pounds.’ '

Mg Ko X-radiation (1253.6 eV) was
used to excite samples of the nitrogen-
sulfur compounds. The N 1s and S 1s
peak positions were corrected using ad-
ventitious carbon as a reference. We
found that the sulfur atoms in the R-50;
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groups of all the nitrogen-sulfur com-
pounds have essentially the same bind-
ing energy. The value of the sulfur bind-
ing energy (168.8-169.0 eV) is about the
same as sulfate ion (168.8 eV) and notice-
ably higher than dithionate ion (168.6
eV). This suggests that the sulfur may be
assigned a formal charge of +6.

The binding energies for nitrogen in
the nitrogen-sulfur compounds vary
from 399.6 eV to 402 eV. The nitrogen in
HIDS is substantially more reduced than
nitrite ion, and the nitrogen in NTS is
even more reduced. Using a +6 charge
on the sulfur atoms in the compounds,
we can assign formal charges of -1 for the
nitrogen in HIDS and -3 for the nitrogen
inNTS. The 1s binding energies of nitro-
genin the hydrolysis products, HSA and
IDS, areslightly more positive than those
of the parent compounds. We attribute
this to the presence of the hydrogen
bound to the nitrogen creating a more

Solutions with ferrous ion complexes
are useful in removing nitric oxide from
flue gas. Ligands with SH groups not only
stabilize ferrous ions to promote the ab-
sorption of NO, but are also capable of
rapidly reducing ferricions back to ferrous
ions. We have studied the use of ferrous
cysteamine (H,NCH,CH,SH) complexes

for the absorption of NO from flue gas. We

found that cysteamine was converted to a
Bunte salt, 2-amino-ethanethiolsulfate
(AETS, H,NCH,CH,5505). AETS was
produced from the reaction of HSO;/
SO;* (formed from dissolved SO,) with
the oxidized form of cysteamine.
Cysteamine can be regenerated by the
hydrolysis of AETS. Thekinetics of AETS
hydrolysis have been studied and com-
pared with other Bunte hydrolysis reac-
tions.

The previously reported values of
the pK,s for AETS were checked because
the reported value of pK,; seemed to be
exceptionally high for a sulfonate com-
pound. The value of pK;, that we ob-
tained, 9.1 + 0.1, was in good agreement
with the previously reported value of
9.15. However, we found pK,; to be
<-0.5, ratherthan3.1. This measurement

positive environment. Hydroxylamine
and sulfamic acid form a H;N* structure
and create a much more positive envi-
ronment for the nitrogen, with N 1s bind-
ing energies of 402.0 and 401.5 eV, re-
spectively.

HIDS is formed from nitrite ion and
hydrogen sulfite ion in a two-step pro-
cess withnitrososulfonate as an interme-
diate. In the process, the sulfur in each
hydrogen sulfite ion is oxidized from +4
to +6, while the nitrogen undergoes
stepwise reduction from +3 in nitrite ion
to +1 in the intermediate to -1 in HIDS.
From this, we estimate that the nitrogen
1s binding energy for nitrososulfonate
would be about 402 eV. Earlier studies
had given nitrososulfonate the formula
ONSOQOy, although it would be more ap-
propriate to write it as ‘ONSO; .

HIDS is also formed by the reaction
of ferrous nitrosyls with hydrogen sulfite
ion. A complex of ferrous nitrosyl and

Hydrolysis of 2-Aminoethanethiolsulfate Ions
Z.B. Zheng, D. Littlejohn, Y.H. Zhuang, and S.G. Chang

was consistent with our Raman mea-
surements of highly acidic AETS solu-
tions, which showed a shift in the SO,
band to 1023 cm™! from 1028 cm'! in neu-
tral solutions. '

The hydrolysis wasinitiated by mix-
ing a solution of AETS and HCI under
nitrogen. Samples were withdrawn pe-
riodically for analysis by ion chromatog-
raphy. Measurements were made overa
temperature range of 35 to 90°C and
hydrochloric acid concentrations from
0.9 to 5.1 M. The hydrolysis rate is very
strongly dependent on acid concentra-
tion. Highly concentrated acid solutions
behave as though the effective hydrogen
ionconcentration (H,, the Hammett acid-
ity function) is higher than the actual
concentration. A least-squares fit to
log(k) as a function of H, yielded slopes
of 1.01 and 1.04 at 75° and 85°C, respec-
tively, indicating a first order depen-
dence on effective acid concentration.

Bunte salt hydrolysis reactions gen-
erally proceed by an A-1 mechanism, in
which the function of the electrophile
(H") is to convert one of the partners in
the S-S bond into a much better leaving
group. H3N*CH,CH,SH is a much bet-
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hydrogen sulfite interacts with another
ferrous nitrosyl complex, resulting in oxi-
dation of the sulfur to +6 and reduction
of the nitrogens to +1.

FeZ{(L)(NOHSO3)" + FeZ*(L)NO —
— 2 Fe?*(L) + "ONSO; + NO- + H*

The nitrososulfonate formed can re-
act with hydrogen sulfite to produce
HIDS.

XPS on 6-coordinate metal nitrosyls
has shown a linear relationship between
the nitrosyl infrared band position and
the nitrogen 1s binding energy. The
ferrous nitrosyls used in the studies of
HIDS formation have nitrosyl Raman
bands in the range of 1760 - 1800 cm?,
which correlate with a nitrogen 1s bind-
ing energy of about 402 eV, a value simi-
lar to that estimated for the
nitrososulfonate intermediate. This im-
plies NO character in the complex.

ter leaving group than H;N*CH,CH,S".
If the value of pK,; for AETS had been
3.1, the observed acid dependence of the
hydrolysis would have been difficult to
reconcile with this mechanism. How-
ever, since pK,; < -0.5, our results are
consistent with the hydrolysis proceed-
ing by an A-1 mechanism.

The k(obs) values were corrected for
first order dependence on H*.; and
AETS.

k (corr) = k(obs) / [AETS] [H* 4]

From a plot of k(corr) vs. 1/T,
we derive values of A = 9.0 x 10" L
mol/sand E,=115.9k]/mol for the equa-
tionk = A exp(-E,/RT). The values of the
rate of AETS hydrolysis can be calcu-
lated to determine the time needed to
regenerate a cysteamine solution from
AETS. Theacid hydrolysis of compounds
with a Bunte salt structure provides an
alternative regeneration method to the
hydrosulfide (HS") treatment used to re-
generate cysteine sulfonate and glu-
tathione sulfonate. It avoids problems
with the precipitation of metal ions as
sulfides and other side reactions of
hydrosulfide ions.
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. Combustion

We have been studying how chemi-
cals, especially chlorinated hydrocarbons
(CHCs) and metals, react when they are
heated. The thermal treatment of such com-
pounds is used in a variety of processes,
includingincineration, remediation, oiland
gas processing, and chemical production.
The goals of our research are to gain a
fundamental understanding of the chemi-
cal processes that occur when chlorinated
hydrocarbons are destroyed thermally,
study new ways to enhance the destruc-
tion of these compounds, and to develop
new diagnostic methods for the measure-
mentof these species and their byproducts.
The measurement and transformation of
metals in combustion is a new area in
which we have started research.

Diagnostics and Monitoring

We continue to develop non-intru-
sive optical diagnostics based on excimer
laser fragmentation/fluorescence spec-
troscopy (ELFES). Using the CCI radical
as the detected fragment, we have mea-
sured chlorinated hydrocarbons at con-
centrations in the ppb range with a mea-
surement time of seconds, and in a soot-
ing flame environment.
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@

Metal Oxide
Molecule
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Thermal Destruction of Toxic Compounds
D. Lucas, R.F. Sawyer, C.P. Koshland, P. Eibeck, C. McEnally, M. Thomson, S. Lee, B. S. Higgins, and S.G. Buckley

We have expanded the ELFFS tech-
nique to the metals in combustion ex-
hausts. The technique, illustrated in the
Figure, employs a single 193 nm laser to
photodissociate metal compounds into
their atoms, which then emit light spe-
cific to each element. The method has
sensitivities in the parts-per-billionrange,
requires no sample preparation or extrac-
tion, and detects virtually all compounds
containing the metals.

Flow Reactor Studies

We also study the thermal destruc-
tion of chlorinated hydrocarbons ina tur-
bulent flow reactor, with the CHCs in-
jected as gases, liquids, or mixtures. A
new vertical flow reactor, which allows
forindependent control of residence time,
temperature, and equivalence ratio, has
been designed and built. It will allow the
use of advanced in situ diagnostics, in-
cluding the ELFFS methods and in situ
Fourier transform infrared spectroscopy.
We are currently exploring the use of fuel
mixtures to enhance the destruction of
chlorinated hydrocarbonsand reduce the
toxic byproduct formation.

Atomic Emission

@J\f\/\» To

Detector

Figure. The ELFFS technique uses light from an ArF laser to dissociate metal-containing
molecules and produce metal atoms in excited electronic states. The atoms then emit light,
which is used to identify and quantify the metals present in the sample.

Thermatrix, Inc. CRADA

Thermatrix, Inc., a manufacturer of
flameless packed bed thermal reactors,
and LBL have joined forces through a
Cooperative Research and Development
Agreement (CRADA) to determine if the
optical measurement techniques devel-
oped at LBL can be coupled with the
commercial reactors to destroy polychlo-
rinated biphenyls (PCBs). A Thermatrix
reactor, installed at LBL, will be equipped
with ports to permit optical sampling of
the gas composition. The rapid feedback
of the laser diagnostics will allow for
testing of wide range of experimental
conditions and operating parameters.
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Turbulent combustion takes place in
all heat and power generating systems.
Its most important role is to increase the
burning rate and volumetric power den-
sity. Intense turbulence, however, also
influences the chemical reaction rates of
the combustion processes and has a di-
rect effect on the formation of pollutants,
ignition and extinction. Therefore, re-
search and development of modern com-
bustion systems for power generation,
waste treatment and material synthesis
must rely on a fundamental understand-
ing of the physical effects of turbulence
oncombustion. Suchknowledgeis key to
successful development of theoretical and
computational models which can be used
as design tools.

The overall objective of our research
is to investigate the interaction and cou-
pling between turbulence and combus-
tion. These processes are complex and
involve scalar and velocity fluctuations
with time and length scales spanning sev-
eral orders of magnitudes. The burner
and flame geometries also have profound
effects. Our approach to gain a funda-
mental understanding of these complex
processes is by investigating laboratory
flames with geometries that are designed
to facilitate direct comparison with nu-
merical modeling and theoretical analy-
sis. These burners are also amenable to
detailed interrogation by laser diagnos-
tics and allow systematic independent
variations of turbulence intensities, flow
conditions and mixtures compositions.

We began by investigating flames
withmoderate turbulenceintensity where
chemical reaction rates are much faster
than turbulence mixing. This type of
combustion occurs in most small to me-
dium combustion systems such as resi-
dential appliances and automobile en-
gines at idling condition. The turbulent
burning rate can be evaluated by deter-
mining how turbulence wrinkles the flame
front. The flame front topology (i.e., ge-
ometry of the flame wrinkles ) relates
directly to turbulence scales in intensi-
ties. Recently wehave extended the scope
of the experiments to include flames with
intense turbulence. These flames are
closer to the burning conditions in larger
power generating systems. Intense tur-
bulence can affect chemical reaction rates
may lead to a reduction of burning rate,
intermittent flame quenching and re-ig-
nition, and ultimately flame extinction.

Combustion Fluid Mechanics
R.K. Cheng, 1.G. Shepherd, B. Beddt, L. Talbot

Turbulent flames are affected by
boundary conditions upstream and
downstream of the flame. Therefore, itis
important to investigate flame propaga-
tion under a variety of flow and flame
geometries. We have thus far developed
five laboratory flame configurations.
These burners are designed to operate
under a wide range of conditions so that
changes in flame characteristics can be
correlated to different turbulence intensi-
ties and mixture equivalence ratios. The
first two configurations are simplifica-
tions of those found in many practical
systems. They are a rod-stabilized v-
flame propagating in turbulent flow, and
alarge axisymmetry Bunsen-type conical
turbulent flamestabilized by a pilot flame.
The next two are designed to interface
with numerical models. They are planar
flames stabilized in stagnation flows pro-
duced by a plate or by two opposed
streams. These flames are locally normal
to the approach flow and are stabilized
without flow recirculation. The last con-
figuration is a weak-swirl stabilized
burner that has commercial potential in
addition tofundamental significance. All
of these configurations provide experi-
mental data that can be compared with
statistical one-dimensional (1-D) and de-
terministic two-dimensional (2-D) mod-
els, as well as three dimensional (3-D)
direct numerical simulations.

Our experimental methods empha-
size laser techniques with high spatial
and temporal resolutions. The diagnos-
tics formeasuring statistical momentsand
correlations at a point include laser Dop-
pler anemometry (LDA) for velocity and
laser induced Rayleigh scattering for sca-
lars (i.e., gas density, reaction progress
variable). A simplemethod for determin-
ing the flame wrinkle scales is laser-in-
duced Mie scattering from silicone-oil
aerosol (MSOD). This technique is also
used in conjunction with a laser sheet to
render 2-D imaging of the flame wrinkle
geometryathighspeed (i.e.,tomography).
Another imaging method includes laser
schlieren, a convenient means to infer
overall flame behavior. Theimaging sys-
tems use conventional and intensified
video cameras and are interfaced with a
computer controlled image processing
system. With the acquisition of a dye
laser system (pumped by a Nd-YAG la-
ser), weare developing a single point and
2-Dlaser-induced fluorescence (LIF) tech-
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nique to infer the internal flame struc-
ture. LIF is essential for us to investigate
changes that occur at intense turbulence.

Flame Propagation in Intense
Turbulence

Asreported in 1993, we developed a
burner for investigating premixed turbu-
lent flames propagating in intense isotro-
pic turbulence. The burner exploits the
large stabilization range provided by the
weak-swirl configuration. To produce
intense turbulence we adopted a special-
ized turbulence generator. This setup
produces stable flame propagation under
turbulence intensities of up to 20%. The
experiments were designed to investi-
gate systematically the changes in flame
structures for conditions which can be
classified as wrinkled lamijnar flames (un-
der moderate turbulence), corrugated
flames, and flames with distributed reac-
tion zones (under intense turbulence).

Velocity measurements by laser Dop-
pler anemometry show that flames with
intense turbulence produce very little
changes in the flowfield. This is because
of the high background turbulence that
masks the effects due to combustion heat
release. The density statistics obtained
fromRayleigh scattering are quite similar
to those found in flames with more mod-
erate turbulence. These results demon-
strate that point measurement techniques
may not be sufficient to characterize the
changes that occur under intense turbu-
lence. Asillustrated by the schlieren im-
ages of Figure 1, moderate and intense
turbulent flames are drastically different.
The moderate turbulent flame at left has
very large wrinkles while the intense tur-
bulence flame at right has very fine
wrinkles. These fine flame wrinkles dem-
onstrate the significant influence of smalil
intense turbulence eddies. Quantifying
their effects, however, requires more so-
phisticated 2-D imaging techniques. This
is the motivation for acquiring the pulsed
dye laser system. The high laser power
available will enable the implementation
of 2-D Rayleigh scattering, and 2-D LIF of
radicals such as OH*and CH* to infer the
changesin flame thickness and local reac-
tion rates.

At present, the Nd-YAG laser is in-
stalled and successfully tested in a
tomographicstudy using a gated-intensi-
fied video camera. Once the tomographic
test is complete, the system will be
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Intense Turbulence

Figure 1. Comparison of schlieren images obtained for weak-swirl stabilized flames with moderate turbulence (u” = 0.25 m/s)

and intense turbulence (u' = 1.5 m/s).

modified for 2-D Rayleigh. This will be
followed by installing the dye laser for
LIF measurements. We plan to start with
the single point LIF system before pro-
gressing to 2-D.

Coupling of Premixed Flames with
Gravity

Premixed turbulent flames are sensi-
tive to conditions in their surroundings.
Because of the buoyant combustion prod-
ucts, gravity has profound effects on many
aspects of flame propagation suchas burn-
ingrate, stabilization, extinction, and per-
haps pollutant formation. The flame-
gravity coupling processes have not been
adequately addressed by laboratory ex-
periments and are assumed to be insig-
nificantin most combustion theories. Our
approach todetermine these gravitational
effects is to compare the flames character-
istics under normal gravity (+g), reverse
gravity (-g, flame placed upside down)
and microgravity (ug) conditions. The
experiments are designed to show if the
influence of gravitation effects diminishes
with increased flow momentum. This
knowledge is essential to guide and vali-
date the development of turbulent com-
bustionmodels. The g experiments were
performed at NASA Lewis Research
(LeRC) Center in Cleveland Ohio. Dueto
the size restriction of the g experimental
facility, we use a small (25-mm diameter)
burner to generate conical Bunsen type
flame and rod stabilized v-flames. Laser
schlieren is the primary diagnostic be-
cause the use of other methods that re-
quire high power lasers are not yet fea-

sible. Thelaboratory +gand -g flames are
studied in greater detail to supplement
the limited amount of information ob-
tained from g experiments.

For the pg experiments, the burner,
optics, and electronic control are fitted in
almx1mx0.5mmetal frame called the
experimental package. The package was
designed forusein 2.2-second drop tower
facility at LeRC. In 1994, we converted
this package for use on-board a Learjet
flying in parabolic trajectories. The
Learjet facility provides a much longer
duration of pg (15 seconds compared to
2 seconds), and allows the experimental-
ist to observe the flame in pug and make
adjustments when needed. Twelve suc-

cessful experiments were performed
yielding schlieren results of laminar and
turbulent v-flames and conical flames
under both pg conditions as well as en-
hanced gravitational condition. These
results have been digitized for further
analysis. We also observed flame extinc-
tion during the transition from normal to
ng. This demonstrate the need to quan-
tify the influence of gravity on flame
stabilization limits.

Because the opportunities to conduct
ugarerare, the study of stabilization limit
can only be conducted in the laboratory.
The results obtained for laminar v-flames
(Figure 2) show that reversing the gravity
extends the stabilization limit to much
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Figure 2. The influence of gravity on the blow-off and flash-back limits of
laminar v-flames. f = equivalence ratio of the premixture.
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leaner conditions. During the course of
this work, we also discovered that re-
versed gravity can stabilize freely propa-
gating adiabatic laminar flames. Under
the appropriate conditions, flow diver-
gence induced by the buoyant products
generates the flowfield for the flame to be
stabilized away from the burner rim.
These flames are very stable and flat.
Heat loss is minimal because the flame is
not in contact with any physical surfaces.
We are continuing with the characteriza-
tion of the conditions under which these
flames can be stabilized. We also plan to
make detailed velocity and density mea-
surements. We believe that this adiabatic
flame would be of interest to fundamen-
tal studies of combustion chemistry for it
does not have the upstream heat transfer
problem as in the flat flame burner which
is the current standard.

Hydrodynamics Effects of Premixed
Flames

The mean mass burning rate or the
heat release rate are parameters of pri-
mary practical importance in premixed
turbulent flames. It is conventional to
characterize them in terms of a turbulent
burning velocity, S, often defined, by
analogy with the laminar burning veloc-
ity 5;, as the mean velocity of the reac-
tants upstream of a strictly one dimen-
sional flame. Much effort has been de-
voted to the measurement of 5; in an
attempt to correlateit with flow and flame
characteristics such as velocity fluctua-
tions, length scales, and S;, or more
broadly with dimensionless quantities
such as the Reynolds and Damkohler
numbers. Theoretical work, reported last
year, demonstrated that the existence of
flow divergence in the reactant flow can,
if neglected, lead to large errors in the
measured burning rate. This is true not
only in configurations where flow diver-
gence is imposed by the flow geometry
(stagnation point flows) but also in, for
example, open v-shaped flames where
heat release at the flame front induces
strain in the reactant stream.

Work on both these aspects of flow
divergence in turbulent premixed flames
has continued. Numerical and experi-
mental results have been obtained which
demonstrate some important hydrody-
namic effects of heat release in premixed
flames. The heat release at the flame front
was modeled by treating the flame as a
collection of volume sources. A double
kernel ignition was numerically simu-
lated and the flow induced in the reac-

tants between the expanding kernels was
investigated with special emphasis on
the strain rate, i.e flow divergence, along
the axis of symmetry. This was found to
be sensitive to the size and shape of the
flame front which demonstrates that care
must be taken when interpreting experi-
mental measurements of the burning ve-
locity by this method.

Experiments were performed in a
turbulent premixed v-shaped flame and
the strain rates in the approach flow were
determined tangential to the mean flame
position normal to the plane of the flame
and parallel to the flame stabilizer rod.
Figure 3 shows the induced strainrate,i.e
the velocity gradient, in the reactants in
the flame zones of a series of turbulent v-
shaped methane/air flames at varying
equivalence ratio, ¢. The progress vari-
able is a non-dimensional measure of the
mean density and is zero in the reactants
and unity in products. Asexpected when
the heat release increases, the flow diver-
gence in the reactant stream rises. The
neglect of this heat release induced flow
divergence can lead to significant errors
in measurements of the turbulent burn-
ing rate.
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A series of experiments has also been
performed in turbulent stagnation point
flames over a range of equivalence ratios
and strain rates and the affect of the flow
divergence on the mass burning rate has
beenassessed. Theresults show onceagain
that the conventional measure of the tur-
bulent burning velocity, the reactant ve-
locity at the cold boundary, can signifi-
cantly overestimate the burning rate.

Theoretical and Numerical Analysis

Our theoretical study of premixed
turbulent flames involves the develop-
ment of deterministic models of turbu-
lent combustion employing a vortex dy-
namics method. In contrast to the statis-
tical modeling approach where the
changes in flame turbulence are modeled
and used as input parameters, the vortex
dynamics model is capable of predicting
these changes and other flame phenom-
ena, in particular, the flamelet geometry.
In simulating the flamelets, one needs to
follow the evolution of the flamelets
whose speed depends on the local curva-
ture. The algorithms approximate the
equations of motion of propagating fronts
with curvature-dependent speed, which
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Figure 3. Flow divergence shown here as strain induced within three
methanefair turbulent v-flames. The leading edge of the flame zones (cold
boundary) correspond to progress variable T = 0 and the trailing edges (hot

boundary) correspond to T =1.
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are called PSC schemes, for Propagation
of Surfaces under Curvature. These algo-
rithms are coupled to a vortex dynamics
approach to describe both the turbulence
in the oncoming stream and turbulence
production by the flame itself, and a vol-
ume production model to represent com-
bustion heat release.

We have developed a two dimen-
sional premixed turbulent flame model
which focuses on thestructure of v-shaped
free-burning anchored flames, including
the effects of advection, volume expan-
sion, flame generated vorticity, and cur-
vature effects on the laminar flamelet
propagation speed. Except for the restric-
tion to two-dimensionality, this model is
a fairly complete numerical representa-
tion of our previous experimental work,
under the assumptions inherent in the
wrinkled laminar flamelet model, where
the flame can be treated as a vanishingly
thin interface separating reactants and
products. In accord with experimental
observations, thisalgorithm, along witha
flame anchoring scheme, predicts flame
cusping for a case in which a strong vor-
tex pair interacts with the flame front.
The detailed computation velocity and
scalar statistics obtained compare well
with experimental results obtained pre-
viously. Comparison of the conditioned
and unconditioned values of these statis-
tics shows that the intermittency factor
(i.e. the progress variable) should be con-
sidered for an accurate interpretation of
experimental results a better estimation
of various theoretical model predictions.

Theoretical modeling of combustion
involves a multilevel approach that en-
compasses fluid mechanical models of
flames at the macroscopic level to dy-
namical models of chemical reactions at
the microscopiclevel. Ourresearch effort
is focused on the fundamental chemistry
aspect of combustion modeling and, in
the past year, has proceeded along two
fronts. The major component of our ef-
fort has been a continuation of work from
previous years in attempting to elucidate
the subtle relationship between inaccura-
cies in the potential energy surface (PES)
and its effects on the molecular dynam-
ics. We carried out this investigation
using the tools of quantum functional

J. Chang and N.]. Brown
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Technology Transfer

In addition to its scientific signifi-
cance, the weak swirl burner is suitable
for use in a variety of heating appliances.
The burner supports stable combustion
in very fuel lean conditions under which
the emission of oxides of nitrogen NO, is
very low. The level measured in our
laboratory burner operating at 30 KW is
less than 10 ppm. This emission level
meets or exceeds many proposed Califor-
nia and Federal air quality standards.
With the award of a DOE Energy Re-
search Laboratory Technology Transfer
Co-operative Research And Development
Agreement (ER-LTT CRADA) with
Teledyne-Laars in Southern California,
we have initiated a program to commer-
cialize the weak-swirl burner for use in
small to medium water heaters. The fo-
cus is to develop a production prototype
operating at 14 to 20 KW. The results
obtained thus far are very encouraging.
We rescale the burner to a size compa-
rable to that of current Teledyne-Laars
production models. Performance tests
show no undesirable effects of scaling
down. Theburner operatesreliably when
placed inside cylindrical enclosures.
Unlike typical swirl burners with much
stronger swirl, our burner does not pro-
duceflame vibration noracoustical “buzz-
ing.” Some preliminary tests were per-
formed using a heat exchanger designed
for the Teledyne-Laars Telstar spa heater.
The thermal efficiencies exceeded 80%
even though the heat exchanger is not
optimized for this burner.

Combustion Chemistry

sensitivity analysis (QFSA). In a second
effort, we began a collaboration with sci-
entists at Sandia National Laboratory,
Livermore, to calculate reaction rate con-
stants via real time Monte Carlo path
integrals, in particular, employing mas-
sively-parallel computers. The details of
our progress in these two fronts are de-
scribed below.

The question of how errors in the
PES manifest themselves in dynamical
observables has been a long standing re-
search problem in our group. Our effort
in this area evolved from a series of one-
dimensional studies on the collinear H +
H, exchange reaction where the H-atom
and the H, molecule are constrained to lie

Planned Activities

We plan to develop two 2-D quanti-
tative imaging techniques for studying
flame structures in intense turbulence.
Planar Laser Induced Fluorescence and
2-D Rayleigh measurements will show if
the reaction zone structures are altered
by small scale turbulence. The experi-
mental conditions will be extended to
investigate turbulence flame quenching.

The investigation of the flame/grav-
ity coupling will focus on the develop-
ment of quantitative diagnostics suitable
for use in the microgravity facilities at
LeRC. Laboratory work on characteriz-
ing the effect of reversing gravitational
field will continue. In parficular, the free
standing laminar flame produced in -g
will be studied in detail so to gain an
understanding of the stabilization mecha-
nism of this very interesting flame.

The development of deterministic
vortex dynamic models of premixed tur-
bulent flames will focus on applying our
model to problems of stagnation flow
turbulent flames stabilized by a plate or
by two opposed streams. Both configura-
tions are axisymmetric and considered to
be most suitable for investigating funda-
mental processes of turbulence-flame in-
teractions.

Work planned for the CRADA with
Teledyne-Laars will include construction
of a testing station for the water heater. A
demonstration model will be designed
and used to determine the optimum con-
ditions for high thermal efficiencies and
low NO, emissions.

on a straight line. We then completed the
first QFSA study of the H + H, reaction in
three dimensions (3-D), that is, without
imposing any artificial dimensionality
constraints, but the work was applicable
for only zero total angular momentum.
This past year, we developed a computer
code for QFSA that removes this final
constraint on total angular momentum,
and have used it to study how various
isotopic analogs of the H + H, reaction
sense their common underlying PES. We
found that the H + H, and D + H, reac-
tions sample the potential in very similar
ways, but that the H + D, reactionsamples
the potential quite differently. In particu-
lar, for zero total angular momentum, the
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reaction probability from an initial vibra-
tional (v) and rotational (j) state v =0, j=
0 to the rotationally-summed product vi-
brational manifolds v’=0and v'=1 shows
distinct resonance features for the first
two reactions but no hint of any reso-
nance for the latter H + D, reaction. The
sensitivity maps for the two reactions
containing a resonance show distinct
complementary sensitivity features at the
resonance energy —a change in potential
which increases the reaction probability
to one v’ manifold will decrease the prob-
ability to the other manifold. The H+ D,
reaction, onthe other hand, doesnotshow
any of this complementarity for its v'=0
and v'= 1 sensitivities. Furthermore, for
reactions containing a resonance feature,
themagnitude of thesensitivities arelarg-
est at the energies near resonance.

In the course of this study, we also
uncovered some remarkable sensitivity
features that challenge established con-
cepts of chemical reactivity. We found
that there are large energy ranges above
the reaction threshold where increasing
the reaction barrier actually leads to
greater reactivity! This trend exists forall
three isotopes of the H + H, reaction.
Figure 1 shows two energy slices of the
total reaction probability sensitivities from
the v = 0, j = 0 state at zero partial wave.
Thelowerenergy sliceat E=0.82 eV shows
a large region of positive sensitivity
around the top of the barrier. The posi-
tivesensitivity implies thatincreasing the
PES in this (barrier) region will increase
the total reaction probability. Conversely,
increasing the PES in regions of negative
sensitivity (shown by dashed contour
lines) will decrease the reaction probabil-
ity. At higher energies, changing the
barrier height has negligible effect on re-
activity as the regions of large sensitivity
follow a path that “cuts the corner” and is
far removed from the reaction path. Fig-
ure 1b shows an energy slice illustrating
this point. The significance of this result
is that it forces a rethinking of how much
error in the dynamics is attributable to
inaccuracies in the potential above the
reaction path. While it is certainly ex-
pected that the high energy dynamics
will explore regions of the potential far
removed from the reaction path, one
might not have expected that a given
error on the walls of the potential to have
a larger effect on the dynamics than if the
same error had beenlocalized on thereac-
tion path.

10

In our Sandia collaboration, we are
investigating the feasiblity of using mas-
sively-parallel computers to evaluate real
time Monte Carlo path integrals. In the
past, attempts at direct evaluation of the
path integrals arising from the flux-flux
autocorrelation function formulation of
reaction rate theory have failed because
the highly oscillatory integrands pre-
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cluded convergence on conventional
supercomputers. We are thus querying
whether or not a thousand-fold increase
in computing power is sufficient to con-
verge the path integrals. If this approach
succeeds, we will have a powerful
method for calculating rate constants that
is applicable to a wide variety of chemi-
cal reactions. We are currently testing
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Figure 1. Sensitivity maps for the zero partial wave total reaction probability from the
initial v = 0, j= 0 state at two energies (1) E = 0.82 eV and (b) E = 1.41 eV and at a Jacobi
angle of 180°. The contour values are drawn in increments of zincr shown on the plots.
Positive contours are represented by solid lines and negative contours by dashed lines. The
zero contour line is omitted. The numbers in parentheses represent the minimum and
maximum sensitivity values on an 80 x 65 rectangular grid. All sensitivity contour values
are given in units of eV-'bohr . The reaction path is shown on the plots by a solid heavy

line.
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The control and reduction of air pol-
lutants from combustion processes are
importantin maintaining air quality. Pol-
lutants are minor species in combustion
and the comprehensive kinetic mecha-
nisms describing their formationand de-
struction are complex and frequently in-
volve hundreds of elemental chemical
reactions and tens of species. In most
combustion systems, the species are not
inequilibrium, and the success of amodel
with regard to the prediction of minor
species depends on the accuracy of the
representation of the chemical kinetics.

*Sandia National Laboratories, Livermore, CA.

Chemical Mechanism Reduction
J. Garay, G. Li, N.J. Brown, and M.L. Koszykowski*

Although we can model one-dimensional
laminar flames for simple fuels with com-
prehensive chemistry, treating more com-
plex flow fields with the same level of
chemical detail is computationally de-
manding even with parallel computing,.
To simplify the chemistry, we have used
advanced techniques of sensitivity analy-
sis, namely, principal component analy-
sis, to derive reduced mechanisms in
H,/air and CH,/air systems.

Principal component analysis is an
eigenvalue-eigenvector analysis of the
matrix STS where S is the sensitivity ma-

the methodology for an H-atom tunnel-
ing through a simple one-dimensional
Eckart barrier. Figure 2 shows a plot of
this potential along with the flux-flux
autocorrelation function generated by a
basis set approach. We used a finite set
of Gaussian basis functions equally dis-
tributed in coordinate space. The region
spanned by the basis set defines a “box”
where the “walls” reflect flux after some
period of time. The larger the box, the
longer it takes before the artificial walls
interfere with the dynamics.

For future work, we plan to extend
our sensitivity analysis work to other
chemical reactions. Both the F+ Hyand H
+ O, reactions are currently mired in con-
troversy with the brunt of the blame be-
ing placed oninaccuracies in the PES. We
believe that QFSA can provide feedback
information to quantum chemists in their
PES refinement efforts. For the rate coef-
ficient work, there are several methods
currently under investigation. The main
thrust of these investigations is to elimi-
nate the need for state-to-state reactive
scattering calculations, and thus to con-
siderably simplify the calculations with-
out sacrificing accuracy. As the method
of choice emerges, concomitant develop-
ment in sensitivity analysis will be re-
quired.

References

Chang J, Brown NJ. Quantum functional
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+ H, reaction. Int. . Quantum Chem.
Symp. 1993; 27: 567 (erratum); Int. |.
Quantum Chem. 1994; 51: 53.

trix of the normalized sensitivity coeffi-
cients and ST is the transpose (Vajda and
Turanyi, 1986). Sensitivities for the de-
pendent variables (dimension q) with
respect to all input parameters (dimen-
sion n) are computed at a number of grid
points (dimension m) to form the (m x q)
x n matrix S. The eigenvalues measure
the significance of the eigenvectors in the
overall mechanism. The eigenvectorsrep-
resent sets of coupled reactions whose
relative contributions are recognized by
the relative size of the eigenvector ele-
ments. By defining a cut-off eigenvalue, a

11



Environmental Research Program 1994 Annual Report

set of corresponding eigenvectors is
found that divides the parameter space
(reaction space) into a variant (influen-
tial) portion and an invariant
(noninfluential) portion. Themechanism
is reduced by including only those reac-
tions that comprise the principal compo-
nents (important eigenvectors). The eigen-
vectors carry information about connec-
tions among reactions that can be used to
evaluate approximations like the quasi-
steady state approximation. A hierarchy
can be imposed by considering different
values of cut-off eigenvalues; however,
they are usually selected to maintain the
precision of the model with respect to the
variables of interest. The number of spe-
ciesis only reduced if elimination of reac-
tions results in the exclusion of species.

Calculations of plug flow reactor
(PER), perfectly stirred reactor (PSR), and
one-dimensional premixed laminar
flame were carried out to reduce two
hydrogen-air and two methane-air com-
bustion mechanisms. One of the two H, /
air mechanisms was taken from the GRI
methane/air mechanism?. The other was
anew mechanism from the combination
of the GRI mechanism and newly evalu-
ated chemical kinetic data in the litera-
ture for H,/air combustion. Zeldovich
nitrogen chemistry was also included.
The two methane-air mechanisms inves-
tigated were the Miller-Bowman 1989
mechanism and the GRImechanism. The
variables examined were major species,
important radicals, NO, and tempera-
ture. Errors in all reduced mechanisms
wererequired to be within 5% compared
with the calculations using the compre-
hensive (unreduced) mechanisms.

The new and GRImechanisms (each
consisting of 28 and 34 reactions and 12
species) for hydrogen-air reduce to
mechanisms that involve the same el-
ementary steps. Hydrogen-air results
showed that for the new H,/air mecha-
nism, a reduced mechanism with 23 re-
action and 11 species was obtained that
modelsall PFR and flame conditions con-
sidered. The rich PFR can be modeled
with as few as 19 reactions and the lean
with 20 reactions. Flames can be mod-
eled with fewer reactions than PFR. An
H,/air mechanism consisting of 14 reac-
tions and 11 species yielded NO profiles
of precision equal to those generated
from the full mechanism. Similar results
were obtained for the GRIH,/air mecha-
nism. The methane-air results showed
that the full Miller-Bowman (235 reac-
tions and 51 species) and GRI (177 reac-
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tions and 31 species) mechanisms can be
reduced to different mechanisms for dif-
ferent equivalent ratios. In the PFR cal-
culations, for example, the comprehen-
sive Miller-Bowman mechanism is re-
duced to 134 reactions and 38 species at
=1 (Figure). PFRsrequire morereactions
than flames because they are closer to
strong ignition conditions. Rich meth-
ane combustion requires more reactions
and species to model key radical species
(CH, in particular). The rich methane
flame can be modeled with 144 reactions.
For the GRI mechanism, the mechanism
reduction was controlled by being able
to reproduce the CH profile over arange
of equivalence ratios. A set of 125 reac-
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tions was found to be satisfactory for
lean and stoichiometric mixtures, and
139 reactions were required for rich mix-
tures. The number of species associated
with the reduced CH, mechanisms was
intherange 30to 40. The Miller-Bowman
mechanism contains additional species
that are not important in predicting our
key major and minor species. The re-
duced mechanisms are weakly depen-
dent on stoichiometry.
Wehavedetermined reduced mecha-
nisms that can model a number of species
profiles in flames, perfectly stirred reac-
tors, and plug flow reactors over a range
of input parameters including initial
temperature, equivalence ratio, and
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residence time for H,/air and CH,/air
systems. We have also developed mecha-
nisms thataresuitable for generating tem-
perature profiles. Principal component
analysis was shown to be a reliable tech-
nique for the systematicreduction of com-
plex chemical kinetics in combustion
(Garay, Li, and Broom, 1994).

Some of the mostimportant environ-
ment issues such as air pollution control
and fire safety are directly related to very
complex combustion phenomena that de-
pend on theinteractive processes between
chemical kinetics and fluid mechanics. It
is critical to understand the fundamen-
tals of these coupled processes to predict
combustion behavior. Although many
simpleoridealized combustion problems
have been solved, a number of practical
problemsremain thatare too complicated
tobe modeled exactly. Approximate mod-
els of these complex problems are
computationally tractable and useful for
providing insight into combustion be-
havior.

In order to reduce air pollution we
have been investigating combustion char-
acteristics of home gas appliances. Specifi-
cally, we have investigated combustion of
a gas burner, which we approximated as a
methane Bunsen burner. We have been
using numerical modeling to investigate
pollution production from Bunsenburner-
type flames. The flames are actually two
stage flames. The first state is a rich
premixed flame, and thesecond, a burnout
region, is a diffusion flame. The full inves-
tigation of a steady Bunsen burner flame
involves a two-dimensional reacting flow
calculation with detailed chemical kinetics
describing methane combustion. Numeri-
cal solution of the problem is time-con-
suming even on a modern super com-
puter; however, the problem can be sim-
plified with a reduced mechanism and a
boundary layer assumption. In order to
estimate NO formation, the second stage
burning of a methane-air Bunsen burner
flame was modeled numerically using a
two-dimensional boundary layer approxi-
mation.

In our simplified model of a Bunsen
flame, the inner jet is of uniform composi-
tion and is characteristic of the products of
a premixed flame of a specified equiva-
lence ratio. The inner jet was surrounded

G. Liand N.]. Brown
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Numerical Simulation of Combustion with Applications

stream function as an independent vari-
able. The equation of the stream function
acts as a constraint on the momentum
equation. A FORTRAN program,
CRESLAF!, was modified to solve the
present problem of two reacting mixing
jets surrounded by air at a constant pres-
sure of 1atm.
Equivalenceratiosassociated withthe
products of the first stage of the methane-
air flame were in a range from 1.2 to 1.65.
Two diffusion flames corresponding to
the burning of the two fuels, H, and CO
were identified in the second stage. There
is enough difference in the diffusion ve-
locities of the twofuels that their flamesare
separated by approximately 0.5 cminaxial
distance. For a fixed axial location, the
radial position corresponding to the maxi-
mum temperatureand maximum product
concentration was used to locate the diffu-
sion flames. As illustrated in Figure 1, as
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Figure 1. Radial temperature profiles at different fixed axial locations for CH4 second stage
burning for an inner jet initial composition and temperature characteristic of a burned

flame of equivalent ratio 1.55.
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the fluid moves down stream, the location
of maximum temperature moves toward
the centerline of the inner jet, and the
value decreases. NO production is domi-
nated in the first-stage flame by the
prompt NO mechanism and in the sec-
ond stage by the thermal mechanism.

The radial NO mole fraction profiles at
different axial lodations are shown in
Figure 2. Peak NO concentration loca-
tions are strongly influenced by tempera-
ture and O-atom profiles, and they are
shifted to the right of the temperature
maximum in the direction of the O atom
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Figure 2. Radial NO mole fraction profiles at different fixed axial locations for CH, second-
stage burning for an inner jet initial composition and temperature characteristic of

burned flame of equivalent ratio 1.55.
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maximum. Burnout of CO occurs rapidly
at the location of the second diffusion
flame. Second stage characteristics were
not strongly dependent on first stage
equivalence ratios. After scaling spatial
coordinates to account for model approxi-
mations, computed profiles of OH, CO,
and NO agreed satisfactorily with the
measured values of Nguyen et al.
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. Atmospheric Processes

Water Vapor Nucleation on Carbon Black and Diesel Soot Particles
G. Lammel* and T. Novakov

Aerosol nucleation properties, i.e.
their ability to act as nuclei for cloud
droplet formation (cloud condensation
nuclei - CCN) at atmospheric supersatu-
ration levels, are determined by the par-
ticle size, chemical composition, and sur-
face characteristics. The CCN properties
of water-soluble aerosols, such as sul-
fates,are wellknown. Muchlessisknown
about water vapor nucleation on carbon-
aceous (organic and black carbon) par-
ticles. Our experiments performed on El
Yunque, PuertoRico, and at Point Reyes,

California, demonstrated that carbon-
aceous (organic) aerosols are a main con-
tributor to CCN number concentrations
at these sites. The apparent ability of
organic aerosols to serve as CCN can
have two possible explanations. The first
isthattheorganicaerosolsareinherently
inactive and that condensation of H,SO,
vapor, or some other water-soluble spe-
cies, onto these particles renders them
active CCN. The second explanation is
that a fraction of the chemically complex
organic aerosol material is hygrophilic.

*Max-Planck-Institute for Meteorology, Karlsruhe, Cermany.
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In this study we attempt to relate the
nucleation properties of carbonaceous
particles to their water-soluble mass frac-
tion.

In our experiments we used two
kinds of carbonaceous materials, com-
mercial carbon blacks and soot particles
from diesel fuel combustion. To study
the effects of altering the chemical char-
acteristics of the carbon black aerosol,
the initial materials were treated by di-
gestion in diluted sulfuric acid, nitric
acid, and bicarbonate. To change the
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sulfur content of the particles from the
diffusion flame, thiophene was added to
the diesel fuel. Adding thiophene in-
creased the fuel sulfur content from the
original ~0.5% to4.4% (by weight). Chemi-
cal analyses of the aerosols and the car-
bon black starting materials for anions
and cations were performed by ion chro-
matography. The water-soluble mass frac-
tions of the materials were determined
after ultrasonic treatment of the filter or
impactor samples in deionized water.
Carbon black aerosols were gener-
ated in two ways—by resuspension of the
dry materials and by atomization of aque-
ous suspensions. Combustion aerosols
were produced by two sources using the
same diesel fuel-an “alcohol lamp” in
which the fuel is burned as a diffusion
flame-and an idling bus engine (V8, me-

Anthropogenic aerosols may affect
climatedirectly by scattering and absorp-
tion of solar radiation and indirectly by
influencing the number concentration of
cloud droplets (and the albedos of clouds)
through their ability to act as cloud con-
densation nuclei (CCN). In contrast to
direct aerosol effects, quantitative assess-
ment of indirect aerosol effects is more
difficult because of its greater complexity
and the many open questions that remain
to be answered. One of these questions
pertains to the chemical identity of CCN.
So far sulfate aerosols have received the
most attention in assessing both the di-
rect and indirect aerosol effects on cli-
matebecause of their relatively well-docu-
mented global distribution and known
opticaland nucleation properties. In view
of the fact that sulfate species are not the
only component, and sometimes noteven
the dominant component, of submicron
aerosol mass, it can be expected that aero-
sol constituents other than sulfate will
contribute to the CCN concentrations, at
least in some environments. Indeed,
comparisons of CCN number and sulfate
mass concentrationsin the Caribbeanand
elsewhere have suggested that a substan-
tial fraction of measured CCN concentra-
tions cannot be explained by sulfate aero-
sol alone. An analysis of our data ob-
tained on El Yunque peak, Puerto Rico,
has shown that these non-sulfate CCN
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chanical injection). The polydisperse
aerosol (a combination of resuspended
dry carbon blacks and the combustion
aerosol) was first passed through a one-
stage impactor of 0.26-um diameter cut-
size and a bipolar charger (2 mCi ¥Kr)
and then fed to a differential mobility
analyzer (DMA). A stream of monodis-
perse, electrically neutralized particles
was obtained by selecting the setting of
the DMA electrode voltage and by pass-
ing the aerosol through a second bipolar
charger (1.5 mCi 8Kr). The number con-
centrations of the aerosol from the DMA
were measured with a condensation nu-
clei (CN) counter. The number concen-
trations of particles activated to grow to
droplets (CCN) were measured with a
CCN counter as a function of both dry
particle radius and supersaturation in

aremostlikely derived from organicaero-
sols.

A prerequisite for assessing the po-
tential role of non-sulfate CCN is the de-
velopment and validation of methodolo-
gies for apportioning the contribution of
mass concentrations of major aerosol spe-
cies to total CCN concentrations. In this
report we outline our approach to this
task. Our experimental strategy is based
on the assertion that the CCN concentra-
tions can be calculated from the dry aero-
sol number size distribution if the rela-
tionship between the dry size and super-
saturation of aerosol particles is known.
Therefore, if one could express the num-
ber size distribution as a sum of contribu-
tions of the mass concentrations of major
aerosol species to the total number size
distributions, then the contribution of
these species to the CCN number concen-
trations could be determined, assuming
that a relationship between particle size
and supersaturation can be empirically
defined.

Our approach involves concurrent
measurements of mass size distributions
of inorganic and organic aerosol compo-
nents, aerosol number size distributions,
and CCN concentrations (measured at
0.5% supersaturation) in October, 1993,
and June/July, 1994, at Point Reyes, Cali-
fornia. The data analysis consists of con-
verting mass size distributions tonumber

*Global Climate Research Division, Lawrence Livermore National Laboratory

the range from 0.2 to 1.3%.

From these measurements we de-
rived an “activation radius,” defined as
the dry particle radius, for which 50% of
all particles are activated at a fixed super-
saturation, N(CN)/N(CCN) = 0.50. The
nucleation ability of chemically modified
carbonaceous particles increased with
increasing soluble mass fraction and was
comparable to that of (NH,),SO, when
the soluble mass fraction exceeded about
10%. The hygroscopicity of particles gen-
erated by combustion of diesel fuel in a
diffusion flame increased when a sulfur-
containing compound was added to the
fuel. The CCN characteristics of diesel
soot appear to be comparable to that of
wood smoke aerosol, known to be CCN
active.

Organic Aerosols and Cloud Condensation Nuclei at Point Reyes, California
C.A. Rivera-Carpio, C.E. Corrigan, | .E. Penner*, and T. Novakov

size distributions, comparing the derived
and measured number size distributions,
determining the number concentrations
of particles in size ranges that correspond
tothe measured CCN concentrations,and
estimating the contributions of major aero-
sol chemical species (sulfate, organic,and
seasalt) to the CCN number concentra-
tions.

Aerosol particles were sampled by
the micro-orifice uniform deposit impac-
tor MOUDI). Mass size distributions of
major aerosol species were obtained by
applying a data inversion method to the
raw MOUDI data. Mass size distribu-
tions of individual aerosol species were
converted to cumulative number size dis-
tributions of total aerosol and individual
components. From these the contribu-
tions of major aerosol components (such
as sulfate, organic and seasalt) to CCN
concentrations at a fixed supersaturatio
were estimated. :

Ourresults demonstrate that the con-
tributions of mass concentrations of ma-
jor aerosol species (sulfate, carbonaceous
material, and NaCl, a substitute for sea-
salt) to CCN number concentrations can
be reasonably accurately estimated from
measured mass size distributions of these
species. The derived and measured num-
ber size distributions were found to be in
good agreement. Our results demon-
strate that the contributions of organic
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and sulfate aerosols to CCN number con-
centrations at Point Reyes are variable
and range from ~20 to ~65% for sulfate
and ~5 to ~80% for organic aerosol. The
principal factor influencing the SO,* and
organic mass contributions to CCN is the
mass concentration of these species found
in thesub-0.1 umrange, which dominates
the aerosol number concentrations. De-
pendence of the derived total CCN con-
centrations onsupersaturation shows that
these decrease with supersaturation.
However, when carbonaceous aerosols
contribute significantly to the CCN con-
centrations at 0.5% supersaturation, their
contribution remains significant, even at
supersaturation values as low as 0.1%.
An obvious question is: How impor-
tant are organic CCN in the broader cli-
mate picture? A recent modeling study of
indirect aerosol climate forcing excluded

Ananalytical expression for thenum-
ber concentration of cloud condensation
nuclei (CCN) as a function of supersatu-
ration, i.e. CCN activation spectra, has
been developed. (CCN are hygroscopic
aerosol particles on which cloud droplets
form.) The expression describes the de-
pendence of CCN concentration on su-
persaturation in terms of CCN dry size
distribution and activation parameters. It
is based on parametric representations of
both the size distribution and the dry size
to critical supersaturation relationship.
The size distribution is represented using
three log-normal functions. The relation-
ship between the dry size and critical
supersaturation of hygroscopic aerosol
particles is described using a power func-
tion in terms of activation parameter. The
three log-normal description is consis-
tent with observed total aerosol size dis-
tributionand the power-law type descrip-
tionis supported by observations. Both of
these descriptions are general and war-
rant the successful application of the re-
sulting analytical expression for the CCN
activation spectra.

This analytical expression offers the
possibility of interpreting CCN concen-
tration data in terms of their activation
and physical (size distribution) param-
eters. It allows estimation of these CCN

C.A. Rivera-Carpio
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 non-sulfate (presumably organic) aerosols.

The authors of this study argued that the
neglect of these aerosols should not result
in a large underestimate of the indirect
radiativeforcing becauseof thenonlinearity
of theresponse of cloud droplet concentra-
tions to increasing CCN concentrations, if
it is assumed that the anthropogenic sul-
fate and non-sulfate emissions are similar
intheaffected areas. Thisassumption, how-
ever, may not always be valid: the emis-
sions of SO,, the precursor of anthropo-
genicsulfateaerosol, depend ontheamount
of fuel burned, its sulfur content, and the
presence or absence of emission controls.
Anthropogenic combustion-derived car-
bonaceous aerosols (primary and second-
ary organicand black carbon components)
are products of incomplete combustion,
only partly related to the amount of fuel

parameters from CCN concentrations
measured at several supersaturation ra-
tios. Data on CCN activation are very
limited whereas data on CCN size distri-
bution is essentially non-existent. (CCN
size distribution is assumed to be equal
to the total aerosol size distribution above
a given size.) If such information were
available, then it would be possible to
assess geographical and temporal varia-
tionsin CCN concentrations and to iden-
tify the predominant factors responsible
for such variations (CCN climatology).
Furthermore, concurrent determination
of the physical and activation character-
istics of CCN provides the information
needed to estimate the water-solubleand
water-insoluble volume size distribu-
tions of CCN active particles. If CCN
water-soluble and water-insoluble vol-
ume size distributions were available,
then it would be possible to deduce (from
chemical analysis of size-segregated aero-
sol samples) not only CCN constituents
butalso the CCN water-soluble constitu-
ents. Information on CCN composition
is very much needed in order to assess
the potential climate effect of sulfate aero-
sol through CCN-cloud albedo modula-

tion. In contrast to aerosol sampling for

chemical analysis, CCN sampling in-
volves complicated and expensive in-
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and essentially unrelated to its sulfur con-
tent. A cursory examination of regional
50, and CO (an indicator of incomplete
combustion) emissionsillustrate this point.
The CO (Mt/yr)/SO, (Mt/yr) emission
ratios for the United States, in the states
westand east of Mississippi River (in 1985-
87), were 6.2 and 2.8, respectively, reflect-
ing different fuel uses in the western and
eastern United States. Clearly, the relative
abundances of sulfate and carbonaceous
aerosols over these regions are expected to
be different. Indeed, an examination of
ambient sulfate and organic aerosol mass
concentrations measured at remote loca-
tions in the United States shows that or-
ganic aerosols dominate or are equal to
sulfate in the western United States, while
sulfate dominates over organic carbon in
the eastern United States.

Analytical Expression for CCN Activation Spectra of Atmospheric Aerosols
and Its Application to the Interpretation of CCN Concentration Data

strumentation and sampling periods of
several days.

A practical method to interpret CCN
concentration data sets in terms of CCN
activation and number size distribution
characteristics has been developed. The
method involves setting a system of ana-
lytical equations and solving it for the
activation and hygroscopic size distribu-
tion parameters. The input data are CCN
concentrations at a relatively small num-
ber of supersaturation ratios. The size of
the data set is equal to one plus the num-
ber of modes of the aerosol size distribu-
tion. The method is based on the assump-
tion that with each mode of the total
aerosol size distribution there is an asso-
ciated hygroscopic aerosol size distribu-
tion mode equal to an unknown constant
fraction of the aerosol mode. The method
allows testing of the more restrictive as-
sumption usually made for the CCN size
distribution, i.e., CCN size distribution
equal to the total aerosol size distribution
above a minimum size. There is increas-
ing evidence that when CCN concentra-
tions are high, this customary assump-
tion does not apply. The evaluation of the
method involves comparison of the esti-
mated CCN activation and physical char-
acteristics against measurements.
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Parametrization of the Fraction of Activation of Atmospheric Aerosols
H. Abdul-Razzak*, S.]. Ghan?, and C.A. Rivera-Carpio '

We have developed a parametriza-
tion scheme of the fraction of aerosol
particles activated to form cloud drop-
lets in a parcel of air rising adiabatically.
The result applies to aerosols of a single
log normal size distributed, water-
soluble type (i.e., capable of serving as
cloud condensation nuclei) with uniform
chemical composition. The parametriza-
tion scheme is based on analysis of the
rate equations for the parcel’s supersatu-

*Texas A&M University, Kingsville, TX
*Pacific Northwest Laboratory, Richland, WA

Heavy metals contaminate many
areas of the world and threaten the health
and safety of human communities and
the integrity of ecosystems. Consider-
able effort is underway or is being
planned for decontaminating polluted
environments. While most environmen-
tal restoration efforts to date have fo-
cused on organic pollutants, increasing
attentionis being devoted to heavy metal
decontamination. Unlike organic pol-
lutants, which can be biodegraded to
non-toxic products, metals can only be
sequestered to decrease their bio-
availability or, in a few cases, can be
manipulated by chemical or biological
means to induce valence transformations
that decrease their toxicity or to combine
with complexation agents to form non-
hazardous products. Valence transfor-
mations of metals are normal geochemi-
cal processes associated with the move-
ment of matter into or out of contact with
atmospheric oxygen. Biological reduc-
tions and oxidations often play a rate-
determining role in such geological pro-
cesses but details of how these reactions
function in the heterogeneous environ-
ments of the Earth’s surface are not well
understood. An improved understand-

ration and the aerosol’s nucleation pro-
cess. The analysis led to identification of
only four dimensionless parameters on
which the fraction of activation strongly
depends. Using results of detailed nu-
merical simulations by a size-resolving
Lagrangian parcel model, errors due to
simplifying assumptions used in the
analysis were largely eliminated by em-
ploying adjustment coefficients. For a
widerange of governing parameters(e.g.,

Ecological Systems

ing of biological interactions with heavy
metals could create opportunities to
manipulate biological systems to stimu-
late valence transformations and miner-
alization processes and to use such
manipulations for environmental
remediation.

Apart from remediating known con-
taminated environments, society must
learn to manage more effectively the re-
lease of hazardous chemicals by both es-
tablished and newly emerging industries.
New industries may generate waste
whose health hazards may become ap-
parent only at some future time. Modifi-
cations of industrial processes, ideally
culminating in “zerodischarge” are there-
forethe preferred means of pollutant con-
trol. An understanding of heavy metal
toxicity mechanisms, which is being
sought in our research project, is impor-
tantfor designing industrial process modi-
fications that are appropriate and cost-
effective. Among the important toxicity
mechanisms of heavy metals is their po-
tential for promoting free radical pro-
cesses. Qur project on cigarette smoke
toxicity has demonstrated that transition
metal release from proteins catalyzes de-
structive free radical reactions. We have

particles’ mode radius, size spread, up-
draft velocity, etc.), differences between
the parametric equation’s and the nu-
merical model’s results areless than 10%.
For extreme yet realistic conditions, er-
rors are less than 25%. This new param-
etrization is significantly more accurate
and successful in representing the frac-
tion of activation in terms of governing
parameters than any known parametri-
zation.

Heavy Metal Environmental Contaminants: Toxicology and Bioremediation
R.J. Mehlhorn, K. Brouwer, I. Fry, K. Moore and Y .-R. Wu

shown that hemoglobin damage by to-
baccosmokeoxidants releasesiron, which
catalyses free radical formation via so-
called active oxygen species. The study
of oxygenactivationby freeiron hasgiven
us valuable insights into some parallel
mechanisms of action of hexavalent chro-
mium, an important environmental car-
cinogen. We have discovered that pen-
tavalentchromiumis stabilized by anum-
ber of biological ligands to form a persis-
tent catalyst of free radical production,
which probably plays an important role
in chromium toxicity.

Our third project is developing bio-
logical agents for the recovery of textile
colorants from dye baths, thus setting
the stage for modifying the dyeing pro-
cess to avoid the release of colorants and
chemicals into discharge waters and al-
lowing for re-use of valuable resources.
We have made considerable progress in
producing biomass for removing widely-
used textiledyes from dyebaths and have
demonstrated the feasibility of recover-
ing completely decolorized waters con-
taining a variety of chemical additives
that can be fed back into the process
stream. Moreover, our data suggest that
process modifications using the biomass
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as areversible dye sorbent will allow for
the recovery of dyes for re-use, thus aug-
menting the economic benefits of recov-
ering other dyebath components.

Purpose

We seek an understanding of how
heavy metals and polycyclicaromatichy-
drocarbons interact with biological sys-
tems and to exploit that understanding
for technology development. Our stud-
ies comprise the elucidation of heavy
metal toxicity mechanisms, which in-
cludes the development of sensitivedam-
agemarkers, and the production of biom-
ass-derived sorbents for removing and
recovering heavy metals, toxic organic
molecules or valuable chemicals from
water and soil.

Methods

Our principal experimental approach
is electron spin resonance (ESR), a highly
specific method that detects the magnetic
moments of reactive free radicals, transi-
tionmetal ions and “spin-labeled” organic
molecules. During the past year this
method has been used to analyze biologi-
cal structures with the goal of optimizing
biomass applications for heavy metal re-
moval and resource recovery in aqueous
solutions. ESR has also been used to de-
velop a sensitive chromium speciation
method, which has enabled us to observe
chromium metabolism in living suspen-
sions of microbial cells. Finally, we have
developed novel ESR markers of free radi-
cal damage; these are being developed in
thehumanred blood cell (erythrocyte) and
arebeing applied to the analysis of tobacco
smoke toxicity.

The broad goal of this project is to
elucidate the chronic and sublethal effects
of exposure to toxic substances on aquatic
and terrestrial ecosystems. We have re-
cently conducted research in two major
areas. These are genetic ecotoxicology and
sediment toxicity in San Francisco Bay.

Linking Genotoxic Responses and
Alterations in Reproductive or Devel-
opmental Success

Relationships Between 32P-Postlabelled DNA
Adducts, Micronuclei, and Fitness Param-
eters in Xenopus laevis exposed to
Benzola]pyrene

718

Research Highlights

Chromate reduction by Baker’s Yeast
(Saccharomyces cerevisiae):

Saccharomyces cerevisige, an organ-
ism that poses no health risk and can be
produced inexpensively as well as stored
inadehydrated state for prolonged peri-
ods prior to use in aqueous cell suspen-
sions, was shown to reduce carcinogenic
hexavalent chromate to the less hazard-
ous and less water-soluble trivalent chro-
mium species (collaboration with Paula
Krauter, LLNL). Disappearance of chro-
mate as well as an appearance of
pentavalent chromium, stabilized by
complexation with sorbitol, in the extra-
cellular phase of metabolically active cell
suspensions, were demonstrated. A sub-
stantial fraction of the final reduction
product of hexavalent chromium was
trivalent chromium, which was detected
in the extracellular bulk aqueous phase
and which could readily be separated
from the cells by centrifugation. This
finding complements our previous re-
port of chromate reduction by Bacillus
subtilis, a soil organism that also reduces
hexavalent chromium but that, unlike
the yeast, unfortunately has been associ-
ated with some human health risks.

Antioxidant depletion is a toxicity
mechanism of cigarette smoke

Our recent tobacco smoke experi-
ments have improved the understand-
ing of how inhalation of the smoke leads
to cardiovascular disease, cancer and
many other health problems. We have
demonstrated that exposure of blood to
either unfiltered and gas-phase cigarette

We studied effects of benzo[a]pyrene
(B[a]P) on inductions of hepatic adducts
and erythrocytic micronuclei in Xenopus
laevis. We also examined associations of
such inductions with wet weight and de-
velopment immediately following expo-
sure and at metamorphosis. In the ecologi-
cal literature, time to metamorphosis has
been related to fitness due to the necessity
for larvae to attain metamorphosis before
larval habitats become dry. Size at meta-
morphosiscanbeassociated positively with
reproductive success. Erythrocytic micro-
nuclei have been shown to be reliable mea-
sures of sublethal DNA damage in some
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smoke rapidly depletes cells of vitamin
C and glutathione. Like vitamin C, glu-
tathione can act as an antioxidant to pro-
tect against free radical damage. How-
ever, glutathione has many other impor-
tant protective functions including its
vital role in removing non-radical car-
cinogens. We have also obtained data
demonstrating the damage-enhancing
effects of oxidants by hydrogen cyanide,
which haslong been known to be present
in cigarette smoke. Treatment of blood
with cigarette smoke inhibits the en-
zymes catalase and superoxide
dismutase. Loss of catalase function in
cigarette-smoke-exposed blood is char-
acterized by an accelerated oxidation of
hemoglobin and glutathione by hydro-
gen peroxide.
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Predicting Chronic Toxicity in Aquatic and Terrestrial Ecosystems
S. Anderson, W. Sadinski, |. Hoffman, . Jelinski, D. Steichen, G. Garman, M. Wilson, G. Wild and ]. Harte

amphibians, but 3P-postlabelled DNA
adductshavenotbeenreported previously.
In addition, relationships between
biomarkers and sublethal effects on fitness
remain poorly understood in any species.

Increased DN A adducts, micronuclei,
and time to metamorphosis were all posi-
tively associated with exposure to Bla]P
(Fig.1). DNA adducts and micronuclei
increased as a function of exposure to 31
and 248 nM Bla]P for 14 days (Sadinsky
etal., in press) and exposure to 248 nM for
2,4, 8, and 16 days. Sensitivities and fre-
quencies of micronuclei and adducts were
similar for both measures. Frequencies
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Figure 1. Sterile frequency in C. elegans following multigeneration exposure to EMS.

were associated positively with time to
metamorphosis at 248 nM, but there was
no effect on time to metamorphosis at 31
nM, or wet weight at metamorphosis at
any dose. Frequencies were associated
negatively with wet weight and develop-
mental stage at 16 days, but only with wet
weight at 14 days.

It appears that DNA adducts and mi-
cronuclei can be both sensitive measures of
sublethal- DNA damage and short-term
indicators of effects on fitness in amphib-
ians. Research with native species and
wild populations is necessary to deter-
mine whether these markers can be useful
in studies of declining amphibians. Fur-
ther studies of associations between
biomarkers of effective dose and sublethal
effects on fitness are needed. This project
was conducted in collaboration with Dr.
Bill Bodell at UCSF. To our knowledge,
this research has provided the first ex-
ample of a correlation between sublethal
genotoxic responses and established fit-
ness parameters.

Multigeneration responses following
exposure to genotoxic agents in the nematode
Caenorhabditis elegans

We assessed brood size and sterility
in multigeneration exposures of the nema-
tode C. elegans to ultraviolet-B (UV-B) and
ethyl methane sulfonate (EMS). Inthe UV-
B experiments, an initial 50% decline in
broodsize of UV-B exposed worms was
noted and maintained in every subsequent

generation (Fig. 2). In contrast, the occur-
rence of sterile progeny followed an un-
usual pattern of multigeneration effect.
For six generations, there were no sterile
progeny. Following the sixth generation,
there was a steep linear increase in sterile
progeny. At 15 generations, the experi-
ment was terminated because nine of the
original 12 replicates no longer produced
viable progeny. In contrast, all of the 12
control replicates produced viable prog-
eny for 15 generations.

Progeny of animals exposed to EMS
for one and two generations had mean
frequencies of steriles of 0.0 and 0.8 x 102,

respectively. In contrast, progeny of ani-
mals exposed for three and four genera-
tions produced frequencies of steriles of
14.8x 10 and 25.8x 10-2. In four successive
generations, progeny of control animals
elicited sterile frequencies of 0.0, 1.6, 0.8,
and 1.6 x 102,

These data indicate that multi-
generation effects on the frequency of ste-
rility, and in some cases broodsize, are
clearly discernable. However, we havenot
determined the mechanism of multi-
generation change. We attempted to de-
termine whether mutation frequencies in-
creased at each generation of exposure;
however EMS caused minor developmen-
tal asynchrony in the cultures that intro-
duced biasinto the mutagenesis assay. The
data did indicate a potential increase in
mutation frequencies among generations,
but they are viewed only as suggestive.
This research was conducted in collabora-
tion with Dr. David Littlejohn of the Flue
Gas Chemistry Group.

Induction of DN A-protein crosslinks in
developing embryos of the purple sea urchin
Strongylocentrotus purpuratus

Exposure to genotoxic agents such as
certain chemicals and UV light during
embryonic development may result in
DNA-protein crosslinking (DPC). DPChas
been demonstrated for mammalian cell
lines (Zhitkovich and Costa, 1992), and
formation of DPCs upon exposure to a
wide variety of agents including some
metals has been observed. To determine
whether DPCs could be detected in sea
urchin embryos during development, we
adapted a mammalian cell assay utilizing
potassium-SDS precipitation and a DNA
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Figure 2. Effects of Bla]P exposure on larval Xenopus laevis.
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fluorochrometoquantify relativeamounts
of free and protein-bound DNA.

Sea urchin embryos exposed to a
known DPC agent, nickel (Ni, 0.5-6 mM)
through gastrulation exhibited a dose-de-
pendent increase in DPCs, as well as an
increase in developmental abnormalities.
Similar results have been observed with
chromium, and studies with arsenic are
underway. Morphological studies dem-
onstrated that stage-specific exposure to
Ni prior to gastrulation resulted in similar
levels of abnormal pluteus larval develop-
ment as compared to embryos exposed
continuously through gastrulation. Sea
urchin embryos exhibit temporal differ-
ences in DNA transcription and gene ex-
pression during development, and these
could be affected by modification in DNA-
proteininteractions. Therefore, we arealso
investigating the hypothesis that similari-
ties in morphological responses we ob-
served may relate to susceptibility of a
critical stage of development (e.g., pre-
gastrula) to DPC. .

This research is being conducted in
collaboration with Dr. Gary Cherr at the
the University of California Bodega Ma-
rine Laboratory. It has provided animpor-
tant new technique for molecular dosim-
etry of exposure to selected metals and
indicated strong associations between a
measure of biologic dosimetry and altered
developmental success. Wewillbuild upon
these findings in studies on arsenic and
nickel at mining sites.

Arsenic effects in model animals

~ We have evaluated the effects of ar-
senic exposure on the induction of micro-
nucleiin X. laevis tadpoles, mutagenesis in
C. elegans, and dominant lethal mutations
(hatching rate) in O. latipes. Tadpoles were
exposed for 14 days to 5 sublethal concen-
trations (0, .1, 1, 5, 10 and 15 mg/D) of
arsenate (As V). Blood was extracted by
microcapillary pipet. No significant in-
creases in micronuclei were noted. In ad-
dition, a significant dose-dependent in-
crease in wet weight was observed. Be-
cause 20 mg/lis lethal to the tadpoles, we
were confident that the doses were prop-
erly selected. However, we do not know
whether micronuclei would be observed if
additional sampling times were used in
the experiment. A weak positive response
was observed in the nematode mutagen-
esisassay, butonlyatahighdoseof 50 mg/
larsenate (AsV). Thus mutagenic effects of
AsV occurred at much higher doses than
those that induced reproductive impair-
ment in the pore water assay. This may be
due in part to the fact that a four-day
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exposure was conducted for the reproduc-
tion assay; whereas, a one-day exposure
was the maximum time used for mutagen-
esis. Work with the medaka dominant le-
thalassay isstillunderway. However, pre-
liminary data indicate that predominant
effects of AsV exposure are onegg produc-
tion not hatching (dominant lethal muta-
tions) and that effects are observable only
at the relatively high dose of 12.5 mg/1.

Genotoxic effects of arsenic exposure
may not occur at levels lower than those
that affect development. Embryonic ab-
normalities in a variety of species includ-
ing amphibia and sea urchins are induced
at approximately 100-200 ug/l. Conse-
quently, ecosystem studies should con-
centrate on direct comparisons of develop-
ment and genotoxic effects on early
lifestages wherever possible. Our primary
goalin the next year is to develop a cytoge-
netic assay utilizing tadpole limb buds
and/or embryos of X. laevis, or a native
species of amphibian. '

Napa Conference on Genetic and Molecular
Ecotoxicology

This conference was a major effort for
our laboratory in the last year. Under the
auspices of Dr. Anderson’s Pew Scholar-
shipin Conservationand the Environment,
she conceived of a conference to unite the
thinking of genetic ecotoxicologists with
ecological and population geneticists. The
concept for the conference received recog-
nition and was eventually funded by
NIEHS. The organizing committee in-
cluded Dr. Anderson, Dr. William Suk
(NIEHS Superfund Program Project Di-
rector), and Dr. Lee Shugart (Oak Ridge
National Laboratory). Forty scientists from
around the world were invited to attend
and to contribute their thoughts toward a
framework for future research in the field.
The major product of the conference is a
peer-reviewed issue of Environmental Health
Perspectives (Supplement) which was edited
by Dr. Anderson. Twenty-one papershave
been published in the issue (available De-
cember, 1994), and one will describe the
research framework discussed above
(Anderson etal., 1994). The paper summa-
rizing Dr. Anderson’s presentation at the
conference is also included in the confer-
ence proceedings (Anderson and Wild,
1994). Judging from follow-up letters from
numerous participants, the conferencewas
viewed as a watershed event in the field.

Sediment Toxicity in San Francisco Bay

Our goal was to determine whether
pore water toxicity tests can be used to
develop site-specific sediment quality ob-
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jectives as well as to reliably characterize
differences in toxicity among sites. Pore
water was prepared by centrifugation of
sediment grab samples, and toxicity tests
included echinoderm 48-hour embryo de-
velopment, bivalve embryo development,
and amphipod survival. Dose responses
were observed using spiked pore water
bioassays with nickel for all three species.
EC50 values for nickel did not vary signifi-
cantly among sampling periods at a single
reference site. Sediment to pore water dis-
tribution coefficients were determined to
enable prediction of the bulk sediment con-
centrations of nickel that may cause detri-
mental effects. Intrasite variability was char-
acterized in repeated studies at one refer-
ence site. Intrasite variability is compara-
tively low for all tests. For example, field
replicate mean values (+ std error) for ab-
normal development in Mytilus edulis em-
bryo tests ranged from 79.7 £ 1.7% to 86.6 +
1.7% for three sampling periods. A range of
toxic sites within the Bay are clearly
discernable from the reference station. We
conclude that pore water toxicity tests will
be useful in various applications for sedi-
mentquality management in San Francisco
Bay. This research was conducted in col-
laboration with Dr. John Knezovich of the
Lawrence Livermore National Laboratory.
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- Predicting Optical Properties of Marine Aerosols
M.S. Quinby-Hunt and A.]. Hunt

This project studies the scattering
properties of aerosolsin the marine bound-
ary layer (MBL) and their effects on visibil-
ity, light propagation, radiant transfer,and
global albedo. We determine what polar-
ization parameters are the most useful to
characterize and how to classify the domi-
nant components of MBL aerosols. The
project will explore the merits of using
polarized light scattering to study the for-
mation of, and variability in, aerosols in
the MBL. The predicted variability of po-
larized light scattering due to the various
components of aerosolsin the MBL is mod-
elled to establish the need and viability of
measuring polarized lightscattering insitu.

Particles in the MBL affect visibility,
cloud formation, radiative transfer, and
theheating and cooling of the Earth. Dense
MBL hazes modify the propagationof sun-
light effecting both the intensity and polar-
ization of light reaching the sea surface.
Both these quantities must be included in
radiant transfer calculations at the surface
of and within the ocean. Aerosols in the
MBL affect visibility because the scattered
light reduces the contrast between the
viewed scene and the background. Near-
forward scattered light is most effective in
reducing contrast of a naturally-lighted
scene and thus is dominated by the large
particles in the aerosol. If the scene is
illuminated by a source near the detector,
backscattered light is most important in
reducing contrast. Conversely, sunlight
or moonlight scattered into the detector
from along the target-detector path also
reduces contrast. Since scattering can oc-
cur at any angle, it can be caused by par-
ticles of nearly any size. Thus, depending
on the situation, aerosol particles of all
sizes are important in determining visibil-
ity.

The angular dependence of the linear
and circular polarization of light scattered
by aerosols in the MBL provides the most
complete information regarding the aero-
sol characteristics obtainable by remote
sensing. Measurements of the polariza-
tion properties of aerosols can be used to
infer effective size distributions and refrac-
tive index of marine aerosols without the
problems of collection devices. The lim-
ited research on the scattering properties
of atmospheric aerosols has been prima-
rily with terrestrial aerosols. Few studies
have investigated the polarization proper-
ties of scattered light in marine aerosols
and even fewer using the fullest descrip-

tion of the polarization as embodied by the
Mueller scattering matrix formalism.

Mie scattering models are being used
to calculate the polarization properties of
light scattered from combinationsof Junge,
Gaussian, and skewed distributions of
spheresand coated spheres of varying com-
position and refractive index. These mod-
elsare used to calculate the scattering from
observed distributions of particles in the
MBL representing a variety of marine en-
vironmental conditions. Models are veri-
fied by comparison of scattering measured
in the laboratory with that predicted by
calculations.

Model Verification

The results of the models were veri-
fied by comparison to scattering from
(NH,),50, particles, a component of aero-
sols in the MBL that is nearly spherical and
readily generated in the laboratory. At
both325and 633 nm, the LBL model agreed
with both the (NHy,50, data and earlier
calculations.

To determine whether the scattering
predicted by a commonly used model of
the aerosols in the MBL (Shettle-Fenn,
Models for the Aerosols of the Lower Atmo-
sphere and the Effects of Humidity Variations
on Their Optical Properties, 1979) deviates
from the Rayleigh approximationand var-
ies with humidity, scattering predicted for
a typical marine aerosol was calculated at
50%, 80% and 99% RH. Varying the hu-
midity has a small impact on the polariza-
tion properties at angles > 150°. The total
intensity of scattered light increases with
size indicating that the size effect is greater
than the decreasing polarizability caused
by the increased RH which dilutes the
concentration of solutein the particles low-
ering index of refraction. If the relative
number of sea salt particles is increased (as
might occur under increased wind and
wave action), scattered light polarization
deviates further fromthe Rayleighapproxi-
mation. As the sea salt component in-
creasesthelinear polarization changesfrom
positive to negative at roughly 150°, indi-
cating a change from horizontal to vertical
polarization.

Measurements of number distribu-
tions of particles in the MBL show a com-
ponentlarger than the Rayleigh-like com-
ponent (r;,qe ~ 0.03 pm) and smaller than
the sea salt (maritime) component of
Shettle and Fenn. The exact ry4. and
relative contributions of each of these

components varies with RH, wind speed
and distance from land. For the purpose
of comparison to the Shettle-Fenn model,
we calculated the scattering of an aerosol
composed of two components whichrep-
resent the average of observations typical
of conditions with no continental influ-
ence plus a marine, primarily sea salt,
component as described by Shettle and
Fenn. The scattering predicted using ex-
perimental (Hoppel et al.) components
differs significantly from that of the
Shettle-Fenn model (Figure 1). The de-
gree of linear polarization (S;,) decreases
significantly at 90° and that the peak po-
larization is shifted to higher angle. The
absolute value of S3, is much larger.

Effect of Soot on Scattering in the MBL

To explore the presence of a widely
occurring and highly absorptive compo-
nent in the MBL, scattering from carbon
soot was calculated. In coastal areas and
near shipping lanes soot can be an impor-
tant component of marine aerosols. This
component may affect on scattering sig-
nificantly, because the real and imaginary
parts of the refractive index are large. To
further complicate matters, the reported
refractiveindex varies considerably—from
n=1.4-0.13it02.29-0.87i—which may indi-
catereal variation among soots depending
onsource. This is probably due to incom-
plete combustion, non-fully denseagglom-
erations of carbon particles, or the pres-
ence of homogeneous low- to non-absorp-
tive products in the aerosol. Size distribu-
tions also vary considerably. Soots de-
rived from the oil fires in Kuwait collected
at 1-6 km altitude (considerably above the
MBL, but of practical interest as they were
collected in the field) showed a broad dis-
tribution of particle sizes. These were ap-
proximated as a broad log normal distri-
bution adjusted to roughly fit the number
distribution reported at 3.7 km altitude
and 160 km from Kuwait. For this broad
distribution of sizes, the linear polariza-
tion is dramatically reduced. S;,actually
changes sign atangles > 60°". Asagglomer-
ated particles are not necessarily spherical,
the scattering should be calculated using
approximations that can account for de-
viations from sphericity.

Conclusions

The polarized scattering predicted
for the MBL is not Rayleigh-like. Scatter-
ing is sensitive to the details of the size
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and number distributions and therefore
may be used todiscriminate various aero-
sols. Knowledge of the predominate
character may be used to choose polari-
metric sensing methods that discrimi-
nate against scattered ambient light in
the MBL. The effects of the size, number
density, real and imaginary indices of
refraction and particle shape all have
significant effects on the polarization
characteristics of the scattered light and
potentially on visibility.
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The world’s oceans cover approxi-
mately 70% of the surface of the earth.
The ocean provides sources and sinks for
CO,, CH,, and other gases important to
the global carbon budget. The impor-
tance of oceanic biogeochemical pro-
cesses in the global carbon budget is
clear, but many uncertainties remain. A
better understanding of the ocean’s car-
bon budget is essential for understand-
ing the mechanisms and kinetics of cli-
mate control.

Oceanic phytoplankton are an im-
portant component of the global carbon
. budget. They consume CO, and may re-
lease it to the water column when they
decompose. After death, phytoplankton
and other marine organisms decompose
in the water column consuming oxygen
and releasing CO,; in regions of high
productivity or low oxygen, oceanic bio-
mass falls to the bottom and is buried in
the sediments. Oxidation of biomass may
cause parts of the water column and sedi-
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~0.02 pm and ~0.1pm components observed by Hoppel et al. plus a sea salt component.

Shapiro DB, Quinby-Hunt MS, Hearst
JE, Hull PG, Hunt AJ. Light Scatter-
ing from Marine Dinoflagellates:

ments to become anoxic. After the detri-
tus has consumed all oxygen and sul-
fates, microbial and thermodynamic pro-
cesses may cause formation of methane
from the detritus.

Methane formed from the decompo-
sition of phytoplankton is an important
carbon sink. After formation, methane
may be sequestered in hydrates (clath-
rates). Clathrate hydrates are solids in
which water forms a rigid lattice of cages
that may contain a guest molecule. In the
marine environment, the guest molecule
is often methane, carbon dioxide or hy-
drogen sulfide (all formed during phy-
toplanktonic decomposition). The exist-
ence of large regions of methane clath-
rates on the ocean floor has been sug-
gested based on interpretation of acoustic
records: estimates report that on the or-
der of 10" g of methane exist in hydrates
globally. Methane and carbon dioxide
clathrateshavebeenrecovered inthe Deep
Sea Drilling Project and other marinesedi-

Single Particle Systems and En-
sembles, submitted to J. Geophys. Res.
1994.

New Approaches to Assessing the Oceans as a Carbon Sink
G.R. Dickens and M.S .Quinby-Hunt

ment cores. Clathrates can be present in
marine sediments under water column
depths as shallow as 70 m under cold-
water conditions. Because gas hydrates
form only at certain pressures and tem-
peratures, they may be destabilized due
to warming of bottom waters or changes
in sea level and thereby released to the
atmosphere. A significant increase in
CH, over historical levels has been re-
ported under sea ice off Alaska. The fate
of the methane formed in the sediments
may impact geochemical climate regula-
tory mechanisms.

The thermodynamics and kinetics of
clathrate formation under highly reduc-
ing marine conditions are not well under-
stood. As the extent of marine clathrates
may be great, an increased precision in
the estimates of their extent would enable
refinements of carbon budget modelsand
allow better predictions of the potential
impacts of clathrates on global climate
regulation, their potential as fossil fuels,




LBL Energy & Environment Division

and the possibility that they present geo-
logical hazards.

Asstudy of the conditions of methane
clathrate formation under marine condi-
tions is continuing at LBL. Preliminary
experiments conducted using deaerated
distilled water and commercial methane
and carbon dioxide demonstrated our
ability to duplicate results from other re-
searchers. The CO,clathrates werefound
to be polycrystalline, white (similar in
appearance to dry ice) and could be de-
scribed as effervescentice. Methaneclath-
rates formed at higher pressures (~1200
psi) and at similar temperatures. The
material retrieved was multicrystalline
and the vapor released as the clathrate
evaporated could be ignited.

The thermodynamics and kinetics
of marine gas hydrates have generally
been studied in distilled water and in the
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presence of oxygen. We have measured
methane hydrate stability conditions in
sea water (salinity = 35 parts per thou-
sand). For the pressurerange of 2.75-10.0
MPA, at any given pressure, the dissocia-
tion temperature of methane hydrate is
depressed by approximately -1.1°C
[“minus one point one degrees calcius”]
relative to the pure methane-pure water
system. The experimental resultsare con-
sistent with previously reported statisti-
cal thermodynamic predictions and pro-
vide a minimum constraint concerning
the depth ranges over which methane is
stable in the marine environment.
Pressure and temperature conditions
of methane hydrate dissociation were de-
termined for 13 solutions containing vari-
able concentrations of CI', SO, Br,, Na*,
K*,Ca?*, Mg?*, NH,*, and Cu?*. Methane-
hydrate stability curves for all solutions

M.S. Quinby-Hunt, N.J. Brown, 5. Jovanovich

Compelling evidence supports the
idea that human activities have changed
atmospheric composition and ecosys-
tems. Less certain is the impact of these
changes, their interrelationships, and
their significance for a sustainable fu-
ture. The types of changes that have
been predicted are startling: an average
temperature increase of 1.5 4.5°C by
2025 to 2050 accompanied by an average
sealevel increase of 0.3-0.5m. Incidences
of extreme weather events are predicted
tobe more frequent. The warming signal
is expected to be more pronounced at
highlatitudes. Theinteraction of climate
changes with ecosystems is not under-
stood, yet changes in ecological systems
havesignificant economic consequences.
For example, the importance of agricul-
ture to the California economy is indi-
cated by annual marketing receipts of
over $15billion. Understanding therisks
and the time frames of climate change is
crucially important for optimizing plan-
ning required to sustain development.

The interaction of terrestrial ecosys-
tems with climate is complex containing
multiple higher level effects and feed-
back loops. The Program for Ecosystem
Research in the Office of Health and En-
vironmental Research of the U.S. De-
partment of Energy (DOE) requested that
the DOE National Laboratories provide
new innovative approaches and strate-

gies to identify and quantify the vulner-
ability of ecological systems to atmo-
sphericand climatic changes. These new
approaches and strategies were to (1)
develop and improve our predictive un-
derstanding of how the biosphere re-
sponds to atmospheric, climate, and land
use changes and (2) determine feedback
effects of the biosphere on the atmo-
sphere and climate. Further, the labora-
tories were to identify unique scientific
capabilities applicable to the problem
and to discuss the collective capabilities
of the DOE laboratories, identify non-
DOE researchers and capabilities, and
discuss the advantages and disadvan-
tages of having the DOE laboratories
participate in the development of coor-
dinated multi-laboratory proposals.

New Approaches and Strategies

Prediction of ecosystem alterations
and responses to changes in climate and
atmospheric compositionrequiresunder-
standing how the biosphere at local, re-
gional, and global scales reacts to these
changes. LBL devised the following ap-
proaches and ideas to provide informa-
tion critical to understanding, modeling,
and predicting the consequences of glo-
bal change on the biosphere. Currently,
LBL has ongoing research supported by
DOE and other Federal agencies in each
of the focus areas. This research could

can be successfully predicted to within
analytical precision throughcalculating the
activity of water for any solution. Using
this approach and dissolved ion concen-
trations for pore waters in and near hy-
drated sediment (but undiluted by dissoci-
ated hydrate), we find that methane hy-
drate is slightly less stable in most pore
waters than in sea water—typically -1.2 to
-1.4°Catany given pressurerelative to that
of the methane-pure water system.
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benefit from more resources, collabora-
tions, and integration.

Adaptive and Molecular Genetic Responses:
Studies of the Interactions of Ecosystems
with Climatic and Atmospheric Changes

To predict, mitigate, or accommo-
datethe effects of climate and atmospheric
change, it is essential to investigate and
understand both the initial effect on eco-
systems and the consequences of the eco-
system response. Three processes with
the potential for large impacts on feed-
back between ecosystem and climate are
carbon cycling, albedo, and transpiration.
Measurement of ecosystem impacts and
feedback mechanisms is essential at field-
scale to provide a basis for eventual ex-
trapolation to local, regional, and global
scales. LBL and the University of Califor-
nia at Berkeley are currently collaborat-
ing on an integrated study of the ecology
and gas fluxes of a pristinealpine meadow.
This meadow is representative of a num-
ber of geographically extensive ecosys-
tems that are at relatively high latitude
and are high in carbon content. Changes
in these ecosystems are expected to have
a significant effect on carbon cycling and
global albedo.

Recent developments in molecular
genetics enable development of markers
of genetic change. These may be usefulin
predicting the vulnerability of that
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ecosystem to change in subsequent gen-
erations. This concept could be tested in
the same field experiments used to eluci-
date the interaction between ecosystems
and climate. To develop both an under-
standing of feedback between ecosystems
and climate as well as diagnostic tools
that may be useful in predicting impend-
ing change in ecosystems, a variety of
adaptive responses to stressors such as
desiccation and warming should be ex-
amined. Their impact on alterations in
key processes such as carbon cycling
should bedetermined. Thisresearch could
be extended to additional sites, which
would provide necessary information
about variability and scalability. The in-
vestigation would augment our ability
for broad-scale prediction of patterns of
ecological change that could be used to
developmoreaccurate predictions of feed-
backs between ecological response and
climate change.

Anoxic Regimes, Environmental Stress,
and Greenhouse Gas Biogenesis

Oceanic temperature increase and
sea level rise will enhance algal growth
and increase the intensity and extent of
hypoxic and anoxic zones in coastal
zones. These changes could kill large
numbers of organisms including fishand
shellfish, cause dramatic changes in spe-
cies composition and diversity in coastal
marine ecosystems, and disrupt local
land use. Areas at risk of increased an-
oxia should be identified and sufficient
information gathered for each area on
resident population, land use, and cli-
matological and geological descriptions
to permit assessment of the potential
impacts.

In addition to increased anoxia, sea-
level rise may also submerge coastal
lands, including wetlands, low-lying ag-
ricultural lands, and coastal human com-
munities. This submersion, in addition
to consequences to inundated commu-
nities, will alter coastal habitatsand there-
fore modify species composition. More-
over, it could cause chronic or episodic
toxicity or enrichment to affected eco-
systems. Increased temperatures will be
advantageous for some invading spe-
cies, further stressing indigenous spe-
cies that will be simultaneously attempt-
ing to adapt to environmental changes.
Both these factors and the anoxic poten-
tial may synergistically magnify the dis-
ruption of coastal ecosystems. The ex-
tent and impact of these mechanisms
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should be investigated. If the coastal re-
gions potentially impacted by increased
anoxia and chronic or episodic sources
of toxicity /enrichment areidentified and
the extent and mechanisms of impact are
characterized, lead times required for
intervention and possible mitigating
strategies can be determined.

Changesin species composition due
to spreading anoxia may result in in-
creased production of greenhouse gases
(e.g., methane, carbon dioxide, nitrous
oxide) and exacerbate warming trends.
The extent and impact of greenhouse-
gasrelease associated with changing bac-
terial communities should be determined
and used to predict climate changes. Ex-
ploratory research indicates that biogenic
marine gas hydrates (clathrates) store a
vast quantity of carbon as methane that
also may be released. Because the quan-
tity of carbon stored in clathrates islarge
but uncertain, a better definition of their
extent, mechanisms of their formation,
and their role in climate regulation is
essential to understanding and predict-
ing their potential effect on atmospheric
composition and climate.

Integrated Paleoclimatic and Paleoecologi-
cal Study of a Western Delta Watershed

The interaction between past global
climate changes and terrestrial ecosys-
temsareencodedin the geological-record
vialayered deposits that contain a host of
isotopic, chemical, and biological indica-
tors of past climates. An integrated
investigation of paleoclimatic and
paleoecologic records at a single, coastal
delta locality, for example the San Fran-
cisco Bay/San Joaquin-Sacramento River
Delta, and the surrounding region, should
be conducted to determine the past con-
sequences of global climate change. This
study would enable more accurate fore-
casting of the ecological consequences of
current climatic trends. This will be par-
ticularly useful for advancing model de-
velopment. This study will provide criti-
cal information necessary to sustain
California’s development while it is im-
pacted by climate change. Moreover, the
historical record will provide essential
data for model validation.

To predict future ecological changes
from climatic and atmospheric changes,
an understanding is required of past bio-
logical changes and the crucial factors
that caused these changes. Potential in-
vaders and species at risk of extinction
must be identified, since they will deter-
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mine the course of change for ecosys-
tems. In addition to applying
well-developed methods to determining
past climates, promising new techniques
should also be developed. Determining
climate change in conjunction with an
examination of the consequential changes
in biological communities provides a bet-
ter understanding of the feedback func-
tions involved and their timing,.

Interactions Between Biogenic and
Biomass-Derived Aerosols and Climate

Albedo change is a marker of eco-
logical system/climate change feedback
that could be characterized by measuring
the optical properties of different plant
communities and atmospheric aerosols.
Plant communities form a large carbon
reservoir and are significant contributors
to local albedo. Alterations in albedo are
important because changes in the optical
properties of the Earth’s surface may cause
warming or cooling. Plant communities
are affected by and alter the physics and
chemistry of the atmosphere. Local, re-
gional, and global climate change and
ecosystem compositionsinteract via com-
plex feedback mechanisms that affect the
quantity of carbon stored and the global
albedo. Changes in plant emissions, heat
and moisture flux changes, and incidence
of drought and extreme events stimulate
the feedback between terrestrial ecosys-
tems and the climate. Alterations of the
species composition or the presence of
stressed plants change the heat transfer
characteristics of the canopy. The effects
of the changes on thealbedo of the canopy
and the climate below it should be exam-
ined.

Increased incidence of drought and
extreme events may enhance the possibil-
ity of wide-spread fires. The combustion
products of these fires will alter local and
potentially regional and global albedo.
Characteristics of combustion processes
determine the type and concentration of
combustion products distributed in the
atmosphere. The optical properties of
particulate combustion products and par-
ticlesformed from combustion-generated
precursors need to be measured to deter-
mine albedo. To understand, predict,
and mitigate the effects of global climate
change on terrestrial ecosystems and the
resultant feedback, the effect that plant
communities have onlocal environments
and the change that might be expected
with varying climate mustbe investigated
and quantified.
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International Assessment of Ecological
Consequences of Climate Change on
Forest Sectors

Forest ecological systems are large
carbon reservoirs that are important for
the global economy and for climate regu-
lation. Forests support great biodiversity.
They also contribute greatly to the pris-
tine and aesthetic character of the envi-
ronment. Data on vulnerable forested
ecosystems should be gathered to iden-
tify the extent of their vulnerability. Data
collection should be conducted in concert
with experts and scientists from affected
locales. This investigation complements
satellite data, because it permits ground-
truthing and provides crucial informa-
tion not available from remote sensing or
in the published literature. Methods and
models suitable for analysis of the data
should be developed and/or adapted.
Candidate variables are nutrient cycling,
greenhouse-gas fluxes, ecosystem health,
yields of essential products, and poten-
tial changes in trade patterns associated
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with such ecosystem changes. Data
should be compared and analyzed across
countries and time periods. Global trade
models should be adapted and used to
study the implied trading implications of
climate and atmospheric changes on for-
ested ecosystems. This research will pro-
vide policy makers information on the
forest ecosystems at risk, allow estima-
tion of the rates of changes in forest sec-
tors, and allow them to develop and as-
sessmitigating strategies, as wellasadap-
tive commercial policies.

Capabilities and Facilities

LBL has a large number of unique
scientific capabilities that should be used
more extensively to investigate the ef-
fects of global climate change on terres-
trial ecosystems and the feedback re-
sponses of those ecosystems. These could
beused to support the suggested research
described above. LBL's facilities and ca-
pabilities could provide excellent oppor-
tunities for future collaborations.

Collaborations

Environmental and ecological sys-
tems are inherently complex and highly
variable over time and space. Long-term,
multidisciplinary research that is care-
fully integrated would be required to
develop an understanding of these sys-
tems to enable formulating sound policy
decisions. The proposed research would
help provide a more scientifically defen-
sible and cost-effective basis for regula-
tion. Research having these characteris-
tics is ideally suited for the national labo-
ratories. In ecological research, the na-
tional laboratories are already perform-
ing integrated multidisciplinary research
that involves long-established collabora-
tions involving university and private
sector investigators in the United States
and around the globe. In these efforts, the
laboratories provide an organizational
capability and continuity that assure that
research time scales are appropriate.
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