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FOREWORD

The ACS Symrostum Series was founded in 1974 to provide
a medium for publishing symposia quickly in book form. The
format of the Series parallels that of the contjnuing ApvANCES
N CHEMISTRY SERIES except that in order to save time the
papers are not typeset but are reproduced as they are sub-
mitted by the authors in camera-ready form. Papers are re-
viewed under the supervision of the Editors with the assistance
of the Series Advisory Board and are selected to maintain the
integrity of the symposia; however, verbatim reproductions of
previously published papers are not accepted. Both reviews
and reports of research are acceptable since symposia may
embrace both types of presentation.



PREFACE

WITH THE INEXORABLE DEPLETION of premium fossil fuels, oil and
gas, it appears that synthetic fuels derived from coal, shale, and tar sands
will become part of the overall energy supply in the United States. Syn-
thetic fuels comprise an array of different products including coal derived
liquids and gases, shale oil, and methanol. In comparison to conventional
fuels, the principal changes that will be introduced by the advent of
synthetic fuels affect their production, refining, and end utilization. These
are interrelated issues because the end utilization imposes product-quality
requirements to which synthetic fuel properties should conform; conversely,
it may be possible in certain instances to modify the design of combustion
hardware to accommodate properties peculiar to synthetic fuels. This
alternative would be particularly attractive from the standpoint of energy
efficiency, thus decreasing the need for costly hydrogenative refining steps.

In the utilization of synthetic fuels, the key issues are impact on
performance, equipment integrity, and emission characteristics of combus-
tion hardware. Emissions of oxides of nitrogen and soot are the most
actively researched emission problems for continuous combustion systems,
which range from burners to gas turbine combustors.

This volume provides an overview of current fundamental and applied
combustion research studies that address the use of synthetic fuels. The
main emphasis in these studies is on the combustion of liquid fuels, ranging
from research on spray atomization to pilot-scale testing of the combus-
tion of synthetic fuels.

I wish to thank the contributing authors for their efforts and to
acknowledge the help received from Jack Fisher in the early stages of
organizing the ACS symposium.

WILLIAM BARTOK
Exxon Research and Engineering Company
Linden, NJ 07036

December 1982

ix



CONTENTS

Preface .. . o i ey e PR R PRB T i s

1.

2.

5.

7.

10.

11.

12.

Research Issues and Technology—An Overview ................
A. A. Boni, R. B. Edelman, D. Bienstock, and J. Fischer

Combustion and Emissions of Synthetic Fuel Components:
Analysis and Modeling . .......... ... .. ... .cc0uveusinennen
R. B. Edelman, R. C. Farmer, and T.-S. Wang

Synthetic Fuel Atomization Characteristics . ....................
R. G. Oeding and W. D. Bachalo

Staged Combustion: Bench-Scale Pyrolysis—Oxidation Studies of
CoalEDerived DAGUAS ... ... .0 icw i ciit o s
James R. Longanbach, Lisa K. Chan, and Arthur Levy

Nonequilibrium Distillation Effects in Vaporizing Droplet Streams . .
S. Hanson, J. M. Beér, and A. F. Sarofim

Intermediate Btu Gas Global Flame Kinetics ...................
Arthur Levy, Herbert A. Arbib, and E. Lewis Merryman

Continuous Combustion Systems: A Study of Fuel Nitrogen
Conversion in Jet-Stirred Combustors . ........................
R. M. Kowalik and L. A. Ruth

Synthetic Fuel Character Effects on a Rich-Lean Gas Turbine
COMDUSIOE i i 65 s o ioch, s w5, ok 9 4 i, & 7 & 0T e % 3 3 5 8
Leonard C. Angello, William C. Rovesti, Thomas J. Rosfjord,

and Richard A. Sederquist

Combustion of Coal-Derived Fuel Oils ........................
M. W. Pepper, J. Panzer, H. Maaser, and D. F. Ryan

Soot Formation from Synthetic Fuel Droplets .. . ...............
John C. Kramlich, Glenn C. England, and Roy Payne

Effect of Liquefaction Processing Conditions on Combustion

Characteristics of Solvent-Refined Coal . .......................

R. W. Borio, G. J. Goetz, T. C. Lao, A. K. Mehta,
N. Y. Nsakala, and W. C. Rovesti

Small-Scale Combustion Testing .............................

G. A. Gibbon, J. M. Ekmann, C. M. White, R. J. Navadauskas,
H. L. Retcofsky, and J. I. Joubert

vii

29

49

69

95



Research Issues and Technology—An Overview

A. A. BONI and R. B. EDELMAN
Science Applications, Inc., La Jolla, CA 92038

D. BIENSTOCK

U.S. Department of Energy, Pittsburgh Energy Technology Center,
Pittsburgh, PA 15236

J. FISCHER
Argonne National Laboratory, Argonne, IL 60439

The need to conserve energy and to control pollu-
tant emissions while at the same time introducing a
new generation of fuels derived from coal, oil
shale and tar sands is introducing severe re-
quirements on the design and retrofit of combustion
equipment. The different chemical and physical
properties of these synthetic fuels 1leads to
substantial differences in their combustion
characteristics and emissions. In particular there
is the potential for increased soot formation,
higher NO emissions, increased and modified
radiation and heat-load distribution, and increased
contamination and fouling of combustion and heat
transfer surfaces when compared to more conven—
tional fuels. Staged combustion techniques to
simultaneously control NO_ and soot production are
being developed. However, various burner, boiler
and furnace configurations are involved in
practical applications and they each have different
aerodynamic flow patterns and turbulence character-
istics. These flow field characteristics couple
with the fuel physical and chemical properties in
controlling the efficiency, emissions and fuel
flexibility characteristics of practical systems.
The U. S. Department of Energy, Advanced Research &
Technology Development Program in Direct Utiliza-
tion, AR&TD (DU), is providing the scientific and
technical information for improved, expanded, and

- accelerated utilization of synthetic fuels in the
generic utility and industrial market sectors. In
the present paper, we review the current under-
standing of synfuel combustion, and present an
overview of the AR&TD (DU) program.

0097-6156/83/0217-0001$08.25/0
© 1983 American Chemical Society



2 COMBUSTION OF SYNTHETIC FUELS

With the reduction in the availability of conventional hydro-
carbons for fuels in the transportation, utility, and industrial
sectors, there is a need to include fuels produced from low
hydrogen—to—carbon ratio sources, such as coal, oil shale, and
tar sands. Various processes are being developed to produce coal-
derived liquids, solids and gases, oil from shale, and heavy oils
from tar sands. It has been established that the cost and energy
intensive requirements to refine these syncrudes to a hydrogen—
carbon ratio and boiling range more typical of conventional fuels
is very large (1). Therefore, there is a large economic driving
force for the design, development, and implementation of combus—
tion equipment capable of burning synthetic fuels of widely vary-
ing properties in a thermally efficient and environmentally ac-
ceptable manner.

Concurrently, the need to conserve energy and to control
pollutant emissions is also forcing improvements in combustion ef-
ficiency and reductions in pollutant emissions of existing energy-
conversion devices using present—-day fuels including heavy and
residual oils. The requirements on the design of combustion
equipment to meet these objectives will be severe and will demand
substantial improvements in our ability to understand the combus-
tion process and its controlling parameters. Many recent studies
have considered the combustion of synthetic fuels, c.f. Black, et
al. (2), Bowman and Birkeland (3), England, et al. (4), and
Muzio, et al. (5). The problem is that current combustor tech-
nology has evolved slowly, is based upon empirical methods, and
contains little consideration for fuel flexibility. The situa-—
tion is particularly acute now because of the present uncertain—
ties in fuel supplies and the corresponding uncertainties in
design for fuel flexibility. Because of these uncertainties,
equipment manufacturers and industrial users are currently re-
luctant to make the necessary investments required for either
retrofitting or manufacturing new equipment designed specifically
for synthetic liquid fuels.

There is a near term need for existing equipment to utilize
synthetic fuels and low grade residual fuels that have many of
the same combustion problems. Also, there is a longer term need
to develop new and advanced equipment to meet the role these
fuels may play in the future. Because of the preponderance of
existing combustion equipment in place it is necessary to modify
current burner devices and systems for synthetic fuels use.
Until recently, petroleum—based fuels have been both plentiful
and cheap, and design practice has not had to consider the impact
of fuel type. Improvements that have evolved have been of
mechanical design rather than aerothermochemical. This is no
longer sufficient and a better understanding of the effect of
synthetic versus conventional fuel properties on combustion pro—
cess control is required. Through the understanding of the per-
formance of existing hardware and of the effect of fuel types
(conventional and synthetic), design criteria for modifying cur-
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rent systems can be established. Moreover, this understanding of
the effect of fuel type on the combustion process forms the basis
for new concept development and will contribute to the upgrading
of design procedures through a reduction in the level of empiri-
cism underlying current design methodologies.

Technical Issues Related to Combustion of Synfuels

The physical and chemical properties of synthetic crudes are
different from those of petroleum. Increased NO_ and soot pro-
duction are the principal problems of the combustion of synthetic
fuels, and control concepts for these two problems are in con-
flict. Fuel-rich combustion decreases NOx but augments soot pro—
duction, while fuel-lean combustion decreases (and can eliminate)
soot production but augments NOx emissions. Moreover, control
procedures can affect combustion efficiency and heat-transfer
distribution to the chamber surfaces. Table I, taken from Grumer
(6), illustrates some specific relevant properties of synthetic
liquid fuels and petroleum-based fuels. The principal differ—
ences between these fuels as related to their combustion behavior
are summarized in Table II.

In the following discussion, we consider these property dif-
ferences and illustrate their effect on the combustion process
and combustor peformance by use of data available in the litera-
ture.

The higher aromatic content and the lower hydrogen—to-carbon
ratio are chemical properties which combine to promote the
increased formation of soot and other related combustion
problems. Figure 1, taken from Naegeli (7), illustrates the
correlation of increased smoke emission with reduction in H/C
ratio for measurements on a T63 gas turbine combustor operating
on aromatic-doped petroleum fuels. Similar results have been re-
ported by Pillsbury, et al. (8, 9). The increased soot formation
is responsible for the increased luminosity and corresponding en-
hanced thermal radiation from synfuel flames, c.f. Figure 2,
again taken from Naegeli (7). These results and those reported
by Pillsbury, et al. (8, 9) indicate the success in using the H/C
ratio of the fuel to correlate the sooting tendency and the en-
hanced thermal radiation which occur for low H/C ratio fuels.
The sharp increase of exhaust smoke when the H/C is reduced below
2 is significant, because synfuels made from coal may approach a
H/C ratio of 1.2 whereas petroleum fuels have a H/C ratio of
about 2.

From a heat-transfer point of view, the high soot concen-
trations resulting from the combustion of synthetic fuels will
tend to cause both higher radiation heating and more severe
fouling of heat-transfer surfaces. Depending on the soot con—
centration and temperature of the combustion gases, as much as 95
percent of the total heat transfer in a furnace or a gas turbine
combustor may take place due to radiation; Sarofim (10). The
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Table II
SUMMARY OF SYNFUEL CHARACTERISTICS RELATIVE TO CONVENTIONAL FUELS

High Aromatic Content

Lower Hydrogen Content

High Fuel Nitrogen Content
Lower Volatility

Higher Ash Content

Higher Trace Element Content
Lower Thermal Stability
More Corrosive in Nature
Lower Heat of Combustion

© 000000 O0OO0
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Figure 1. Effect of hydrogen to carbon ratio on exhaust smoke.
(Reproduced with permission from Ref. 7. Copyright 1978, ASME.)
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Figure 2. Effect of hydrogen to carbon ratio on flame radia-
tion. (Reproduced with permission from Ref. 7. Copyright
1978, ASME.)
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importance of increased soot concentrations in the hot gases to
wall heat flux is very well illustrated in Figure 3, taken from
Toor (11), and developed from the data given by Gosman, et al.
(12).

o Radiative heat flux is the major mode of heat transfer for
the typical combustor conditions described in the caption
over a wide range of carbon concentrations.

o Both radiative heat flux and the total heat flux are at
their maximum value corresponding to a particular optical
thickness. Higher soot concentrations, resulting in in-
creased optical thickness, may lead to lower wall heat
fluxes.

The first point is obvious, because soot is an efficient
emitter and radiation emissions are dependent on the fourth power
of temperature, whereas, convective heat transfer is dependent on
the first power of temperature. For non-uniform temperatures,
such as encountered in practical combustion systems, the lower-—
temperature, soot—laden gases near the walls of the furnaces may
actually decrease the amount of radiation arriving at the walls
thus decreasing the wall heat flux.

The major contributors to radiation are soot, carbon diox-
ide, water vapor, inorganic particulates and other intermediate
products whose concentrations depend upon the particular fuel.
The presence of solid particles such as ash and carbonaceous
material affects the radiation heat transport as they are
continuous emitters, absorbers, and scatterers of radiation.
Carbonaceous particles tend to be large relative to the wave-
length of radiation and have surfaces with high absorptivity.

Toor and Boni (13) gave results of an investigation in which
they assessed the effect of flow conditions and surface reflect-
ivity on the wall heat flux for a model combustion chamber. They
employed two approximate radiation heat-transfer procedures.
These were the Mayer—-Goody molecular band model used in conjunc-
tion with a modified Curtis-Godson scaling approximation to ac-
count for inhomogeneous gases along a line of sight, and a second
technique involving a simpler band model, the just—-overlapping
line model, and an exact integration of the radiation tramsport
equation. Three absorbing emitting species, H,0, CO, and soot
were considered. Figure 4 presents a typicgﬁ result of the
calculations made by Toor and Boni (13) who also reported on the
effect of temperature profiles, concentration profiles, and soot
on radiation quantities in a model combustor. Of particular note
is the strong contribution shown for the presence of soot.

The formation of soot in a combustion system has been shown
to correlate well, at least to first order, as a function of the
H/C ratio of the particular fuel. However, for a specific fuel
the actual amount of soot formed is a function of the combustion



1. BONI ET AL. Research Issues and Technology

280
260} ) Combustor Zone
Wall Temperature 1440° R
a8 Centerline Temperature 3960° R
= Turbulent Reynolds No. 1000
i 240 - Distance Between Walls 24"
£ Volume Heat Release
-~
2
[+4]
<
=3 220
o
x
=
[T
ol 200k ’ Total Heat Flux
(]
=
s ”
= 180} Radiative Heat Flux
b
[=]
-
»
-}
o
€ 160}
[«
(8]
140 - \
120 . 1 1 1 1
0 2 4 6 8 10
Optical Thickness
(Based upon half the b wall spacing)

Figure 3. Radiative, convettive, and total heat flux to the
combustor wall. (Reproduced with permission from Ref. 11.
Copyright 1979, Science Applications, Inc.)
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Figure 4. Effect of carbon on the wall heat flux with diffuse
walls. Results of coupled radiation-aerodynamic model calcula-
tions by Toor and Boni (1974).



