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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 wanamy, 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. 



The research reported in this volume was undertaken during 
FY 1979 within the Energy & Environment Division of the Lawrence 
Berkeley Laboratory. This volume will comprise a section of the 
Energy & Environment Division 1979 Annual Report, to be published 
in the summer of 1980. 
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INTRODUCTION 

Approximately 95% of the energy consumed in 
the United States is released through combustion 
processes. While this fraction will decrease with 
the continued development of nuclear, solar, and 
other technologies, combustion processes will 
dominate energy utilization for the remainder of 
this century and probably well into the next. 
The art of combustion has been highly developed 
during the past hundred years. A variety of 
combustion devices that convert chemical energy 
into thermal and mechanical energy efficiently 
and economically have evolved through trial-and
error and empirical design. Gasoline engines, 
diesel engines, gas turbines, and large steam 
turbine generators for electric power production 
are the primary examples. 

The desire to employ new fuels, particularly 
those derived from coal, heavy crude oil, shale, 
and biomass in these devices poses a dilemma. 
Much of the scientific understanding of combustion 
processes required for predictive analysis and 
design is lacking. Urgency for the introduction 
of these fuels prevents a repetition of the hundred
year empirical development approach. The problem 
is compounded by the need to constrain the emission 
of noxious substances. 

Combustion research at the Lawrence Berkeley 
Laboratory focuses on the study of chemical and 
physical processes which are important in utilizing 
new fuels while limiting pollutant formation. 
A second component of the combustion research is 
concerned tvith reduction of fire hazards associated 
with energy generation and conservation technologies. 
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Principal program areas include the interaction 
of fluid-mechanical turbulence and combustion, 
pollutant formation and destruction processes, 
physica 1 and chemica 1 diagnostic techniques for 
combustion research, theoretical and computational 
modeling of combustion processes, combustion 
processes in engines, flame propagation, and fire 
safety. 

The research team is composed of research 
scientists at the Lawrence Berkeley Laboratory, 
faculty and students of the Departments of 
Mechanical and Civil Engineering at the University 
of California, visitors from throughout the United 
States and the world, and a supporting technical, 
clerical, and administrative staff. A listing 
of these individuals may be found at the end of 
this report. 

A major component of the research program 
is the training of combustion scientists and 
engineers at all levels. Laboratory facilities 
are located at the Lawrence Berkeley Laboratory, 
on the campus of the University of California, 
and at the Richmond Field Station. The research 
was sponsored by the Department of Energy through 
the Divisions of Energy Technology, Environment, 
and the Office of Energy Research; also by the 
National Science Foundation, the National Aero
nautics and Space Administration, the Office of 
Army Research, the Air Force Office of Scientific 
Research, the National Bureau of Standards, the 
California Air Resources Board, and Sandia 
Laboratory. 



COMBUSTION AND IGNITION STUDIES 

ADVANCED OPTICAl MEASUREMENTS IN AUTOMOBilE ENGINES* 
J. W. Daily, D. S. Pechter, and J. T. Metcalf 

To understand the processes that occur in 
a piston engine, the flmv characteristics within 
the cylinder must be known. This flow information 
is best obtained with devices which do not phy
sically intrude into the gas fl01v. Optical methods 
can be used to this end if access is possible. 
The square piston engine, developed in our labora
tory, provides optical access to the entire cylinder, 
In add it ion to conventional flow visualization 
methods, we are developing a Laser Doppler Anemo
meter (LDA) system to measure velocity, and a laser 
absorption system to measure methane concentrations 
in the engine. 

The LDA system is of the conventional two
beam real fringe interferometer design. The fringe 
system is given a velocity bias by frequency shift
ing. Light is collected in the forward scattering 
direction and processed by counter electronics. 

The laser absorption system was built based 
on the resonant methane absorption of the ReNe 
3.39 micron laser line. Using a high-speed infra-

*This work was supported by the Energy Technology 
Division of the U.S. Department of Energy. 

red photodetector, the system has a time resolution 
of better than 100 nanos~conds. Methane detectabil
lity should be below one percent. Applied to the 
square piston machine, this situ measurement 
system promises spatial and temporal resolution 
of cylinder methane concentration that is beyond 
the capability of a gas chromatograph. 

The experimental arrangement includes a Hc,Ne 
laser with an output of approximately 13 m\<1 at 
3.39 microns. A dichroic mirror is used to isolate 
3. 39 microns from the com pan ion laser line at 
L 15 microns. The filtered beam is then re flee ted 
through quartz sidewalls on the square piston 
machine and onto the photodetector. Photographing 
oscilloscopes are presently used for data collec
tion. Direct computer data collection is planned. 
Calibration studies are in progress. 

In addition to the experimental work, computer 
studies modeled the temperature dependence of the 
methane absorption coefficient. For temperatures 
up to lSOOK, the decrease of absorptivity with 
temperature can be accounted for by depopulation 
of the absorbing rotational state. At higher 
temperatures a "hot" band absorption becomes 
important. This ahsorptivity temperature was 
modeled in the low temperature range. 

HEAT TRANSFER WITH COMBUSTION* 
R. Greif, H. Heperkan, J. Naccache, D. Huang, and W. Leung 

INTRODUCTION 

The research has focused on the determination 
of the unsteady heat transfer during variable gas 
temperatures and pressures. In respect to internal 
combustion engines, the transient, variable volume 
(moving surface), variable pressure aspects of 
compression-expansion processes result in complex 
phenomena that have proven to be difficult to 
appraise and predict. One particular objective 
of this program has been the experimental determina
tion of the wall heat flux and comparison of the 
data with theoretical predictions. Another 
consideration is the utilization of the results 
to elucidate fundamental aspects of combustion 
phenomena. Previously, measurements were carried 
out in a single-pulse, compression-expansion 
apparatus that was built by Oppenheim et al.l 
This system was built in order to study recipro-
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eating engine processes under well-controlled 
laboratory conditions to~h ich simulate the operation 
of a spark-ignition engine. Completed studies 
in the apparatus have included the experimental 
and theoretical determination of the unsteady '"all 
heat transfer in nonreacting gases during piston 
compression.2,3 The present effort has extended 
the work to include heat transfer to reacting gases. 

ACCOMPLISHMENTS DURING 1979 

Measurements were carried out to determine 
the heat transfer during combustion. In view of 
the complex nature of piston compression process 
as noted above, it was decided to first carry out 
measurements during combustion in a shock tube 
in the end-wall region behind the ref1ected shock 
wave. This is desirable because during the pre
ignition period the free steam temperature and 



pressure are constant, and resulting phenomena 
during this period are well understood. When 
ignition occurs, the effects of combustion are 
then clearly displayed and this provides a useful 
basis for appraising the phenomena. 

Tests were carried out in a 1-l/2 x 1-3/4 inch 
cross~~section tube where a mixture of 2H2 + 02 + 27A 
was subjected to a shock 1vave which propagated at 
a Mach number of 2.39 and reflected off the end 
walL The temperature of the end wall of the shock 
tube was measured as a function of time by using 
a thin-film resistance thermometer. The resistance 
thermometer consisted of a thin platinum film on 
an insulated backing and \vas mounted flush 1vith 
the wall to avoid disturbing the f101v; it was 
connected as the active element in a de bridge. 
The increase in wall temperature (due to shock 
wave heating) then caused a change in resistance 
of the platinum film which caused an unbalance 
in the bridge. The determination of the resistance 
versus time variation then yielded the desired 
wa 11 temperature variation. 

Based on the above measurements, the temp ora 1 
variation of the wall heat flux was obtained. 
Specifically, the result was based on a solution 
of the conduction equation in the solid wall 
(insulated backing) subject to a variable surface 
temperature, and the heat flux \vas expressed as a 
Duhamel integral in terms of the variable surface 
temperature and the wall properties. These results 
for the heat flux, qw 8 , are shown in Fig. 1 and 
are designated as the'experimental results. 

An alternative and independent approach for 
the determination of the wall heat flux is based 
on a solution of the conservation equations in 
the gas behind the reflected shock wave as applied 
to the thin boundary layer near the walL Neg lec
ting viscous dissipation and taking the pressure 
to be uniform but time dependent yields the appro
priate equations of continuity and energy. These 
equations have been solved numerically to obtain 
a heat flux based on the gas properties, qw g, 
designated as the calculated results in Fig: L 
For completeness, it is noted that the temporal 
variation of the pressure and the temperature were 
calculated based on the strong ignLtlon condition 
(cf. Oppenheim et aL4, Cohen5). 

From Fig. 1 it is seen that the wall heat 
flux continues to decrease during the pre-ignition 
period which is consistent with the constant "free 
stream" temperature and the increasing thermal 
penetration depth. When combustion is initiated, 
the gas temperature increases and this results 
in an increase in the wall heat flux. The location 
and propagation of the combustion zone towards 
the cold end wall is, however, unknown. Therefore, 
to calculate the heat flux, qw g• during combustion, 
the location of this zone must'be specified. One 
preliminary specification of the combustion zone 
being ignited at 20 ']Jsec and then moving linearly 
with time towards the end wall and then halting 
(at a location 0.006 em away from the wall) resulted 
in the calculated heat flux qw,g• shown in. Fig. L 
The agreement between the two heat fluxes LS good. 
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PLANNED ACTIVITIES FOR 1980 

A more complete formulation and solution of 
the basic conservation equations uill be made whi::h 
v7ill include the effects of combustion. The ore tic a 1 
results will be obtained from both numerical and 
integral methods. Detailed attention will he given 
to the propagation of the combustion zone. Addi
tional measurements will be made in the shock tube 
to validate the results. It is also planned to 
carry out experiments and theoretical studi.en in 
a constant volume combustion chamber as a prelude 
to studying the more general phenomena relative 
to combustion in the single-pulse engine. 

FOOTNOTE AND REFERENr,Es 

*This work was supported by the Energy Technology 
Division of the U.S. Department of Energy. 
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INTRODUCTION 

Studies of lean combustion processes important 
to engine combustion have been conducted in a single
pulse compression-expansion apparatus. This unique 
facility, which incorporates a square piston and 
two glass walls, permits unobstructed observation 
of the entire chamber where combustion takes place 
under conditions similar to those exisiting in re
ciprocating piston engines. This apparatus has been 
successfuly used for the investigation of piston
induced flow fields, valve-generated turbulence, 
ignltlon processes, flame structure and propagation, 
bulk and wall quenching, and time-resolved heat 
transfer pheonomena. In the initial version of the 
apparatus, the piston is pneumatically driven and 
hydraulically controlled. The piston trajectory 
does not fully reproduce that of a reciprocating 
engine, especially with regards to piston dwell 

at top dead center. To extend the capability of 
this experimental facility, an improved version 
has been designed and constructed. 

ACCOMPLISHMENTS DURING 1979 

On the basis of experience gained with the 
first version, an improved version of the machine 
has been designed and consructed. Among the im
provements and advantages are that: 1) the piston 
is driven by a crank-shaft and its motion is con
trolled by a fast-acting clutch-brake mechanism 
permitting 1, 2, 3, or 4 stroke operation (Fig. 1), 
2) the cross-section of the combustion chamber is 
larger (85 x 85 mm), which corresponds in area to 
the standrd CFR single cylinder laboratory test en
gine, and 3) the head is fitted with conventionally 
operated overhead intake and exhaust valves (Fig. 2). 
The heavier construction of the new machine allows 

Fig. 1. Mark II version of the compression
expansion apparatus for the study of engine 
combustion processes--from right to left: drive 
motor, fly wheel, fast-acting clutch-brake, recip
rocating drive mechanism and test section. 

(XBB 790-16306) 
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Fig. 2. Square piston test section showing piston, 
optical side wall access and overhead valves. 

(XBB 790-16307) 

studies such as compression ratios typical of diesel 
engine combustion. Uncertainties in funding allowed 
construction of the mechanical apparatus and test 
section only. 

PLANNED ACTIVITIES FOR 1980 

The second version of the compression-expansion 
machine will be completed during 1980, following 
fabrication of the automatic controller for the 
apparatus. An initial instrumentation package will 
be designed and, depending upon funding availabili
ty, procurement will be initiated. 

FOOTNOTE: 

*This work was supported by the Energy Technology 
Division of the U.S. Department of Energy. 

IGNITION STUDIES"' 
K. Oppenheim, 

INTRODUCTION 

This project is an outgrowth of our investiga
tions of lean combustion in engines conducted in 
our laboratory by the use of the single pulse 
machine.l Preliminary results we obtained were 
reported last year. It was demonstrated then that 
jets of plasma have many properties in common with 
those generated by combustion, and experimental 
evidence was provided for the two prime advantages 
offered by jet ignition, namely: 

1. As a consequence of their inherent penetra
tion depth, plasma jets are capable of initiating 
combustion in the middle of the charge, away from 
the walls, thus eliminating all the adverse effects 
due to their proximity--a significant factor in the 
enhancement of ignition. 

2. In contrast to the initially very low burn
ing rate of a typically laminar flame kernel initi
ated by a conventional spark discharge, plasma jets 
generate a turbulent cloud where after a certain 
induction time, multi-point ignition takes place and 
combustion proceeds at a relatively high rate--a 
consequence of the relatively large sur face area of 
the convoluted flame front thus created. 

It then became clear that: 

a) since clean and efficient engines must 
operate at spacially uniform temperature, 

Hurlbut, and F. Robben 

their realization depends crucially on 
the availability of well-distributed 
multi-point ignition sources which can 
be best provided by jet ignition, and 

b) since jet ignition depends on the exploi
tation of free radicals, their generation 
and the role they play must be estab
lished by a fundaments 1 study of ignition 
in gaseous hydrocarbon-air mixtures. 

Accordingly our program of research was chan
neled into four phases of study: 

L Performance Evaluation 
2. Diagnostics 
3. Thermochemistry 
4. Fluid Mechanics 

The first is concerned primarily with experi
mental and analytical studies of actual igniters. 
The second is concerned with the achievement of a 
capability to measure local state and composition 
in the jet prior to and throughout the process of 
ignition. The third deals with the development of 
a comprehensive theory of ignition to provide a 
rational basis for our study. The fourth deals with 
the investigation of the fluid-mechanic properties 
of turbulent jets and their mixing in the presence 
of exothermic reactions typifying the operation of 
jet igniters. 



Progress on each of these phases lS reported 
in the next section. 

ACCOMPLISHMENTS DURING 1979 

Performance Evaluation 

Rational basis has been established for the 
evaluation of the prominent fluid mechanical fea
tures of jet ignition. The methodology thus 
developed was applied to test a set of simple 
plasma jet igniters, that is those devoid of any 
means to modify the plasma medium or its energy 
content.l 

Experimental tests of the igniters were per
formed in a cylindrical, stainless steel bomb, fit-

(a) 

(c) 
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ted with optical glass windows of schlieren quality, 
providing an unobstructed view of the cylindrical 
cavity. The total volume of the bomb was 530.6 cm3, 
and the port diameter was 8.58 em. On the sides, 
the bomb was equipped with four instrument plugs. 
One provided a fitting for the igniter, two were 
used for filling and purging, and the fourth served 
as holder for a pressure transducer. The trans
ducer signal, processed through a charge amplifier, 
was displayed on the screen of a storage oscillo
scope. Concurrently with pressure records, 
schlieren movies were obtained at a speed of 5500 
frames per second. The experiments were monitored 
electronically so that when the camera was brought 
up to speed it provided a signal for triggering 
the discharge in the plasma cavity. At the same 
time, the oscilloscope sweep was triggered and 

(b) 

(d) 

Fig. 1. Schlieren photographs and pressure record of combustion process in a methane/air mixture at 
¢ = 0.6 ignited by plasma jet igniter with L+ = 1.675 em. 

Schlieren photographs: (a) 1 msec; (b) 10 msec; (c) 20 msec; (d) 30 msec. Pressure record: 
pressure, 10 psi/div; time, 20 msec/div; time, 20 msec/div. (XBB 7911-15808) 



a time mark was flashed upon the edge of the film. 
Schlieren cinematography was thus synchronized 
with pressure measurement. 

As an example of experimental results, a repre
sentative set is presented in Fig. 1. It was ob
tained ,.;rith a plasma jet igniter whose characteris
tic length (ratio of cavity volume to orifice area) 
was 1.675 em while the volume of the cavity was 
10 mm3, fed with 2.5 J of electrical energy and 
igniting a methane/air mixture at an equivalence 
ratio of 0.6, initially at atmospheric pressure 
and room temperature. The set consists of four 
schlieren photographs reproduced from cinemato
graphic frames at 1, 10, 20, and 30 msec after the 
electrical discharge and the concomitant pressure 
transducer record. 

Schlieren photographs provide information on 
the flame area and burned volume. Pressure records 
furnish data on the rate of burning. By combining 
the two, one can evaluate burning velocities. As 
an example, Fig. 2 presents the evolution of "tur
bulent" burning velocity deduced from tests per
formed with the use of three igniters. Figure 3 
displays the ratios of turbulent to laminar veloci
ties. As apparent, the effect of the convolutions 
of the flame front is sustained throughout the whole 
process of combustion in the bomb at a uniform level 
corresponding to a three-fold augmentation of the 
effective burning velocity. This implies that the 
smoothing and enlarging of the convolutions main
tains the factor by which the flame area is in
creased approximately constant. The important con
clusion which emerges from this is that whereas 
chemical effects due to active radicals in the 
plasma may die out quickly, the fluid mechanical 
effects persist over an appreciable amount of time. 

Diagnostics 

In order to acquire a capability to measure 
local concentration of radicals at high time reso
lution, a molecular beam sampling apparatus based 
on the use of a quadrupole mass spectrometer has 
been designed and is now under construction. 
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Figure 4 shows the assembly of the apparatus, 
depicting its general features centered around the 
vacuum pumping system. Figure 5 provides the cross-
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Fig. 2. "Turbulent" burning velocities in plasma 
jet ignited methane-air mixtures at an equivalence 
ratio of 0.6 initially at NTP. (XBL 798-6780A) 

sectional view of the molecular beam processing 
elements: the nozzle, skimmer, chopper, and the 
sensing gap of the mass spectrometer. 

It is hoped that the apparatus will be ready 
for preliminary calibration tests before the end 
of fiscal 1980. The particular combustion systems 
to be used for such tests include a practically 
homogeneous photochemica 1 ignition and a flat 'name. 

Thermochemistry 

In order to provide a rationa 1 basis for the 
investigation of the role played by radicals as tem
perature substitutes in the ignition of hydrocarbon
air mixtures, we became engaged in a theoretical 
study of the process of ignition. Methane was 
adopted as the representative fuel because of the 
complete data available on the elementary chemica 1 
kinetic steps governing its oxidation mechanism. 
By restricting the scope of the analysis to the 
case of constant pressure, the problem could be 
defined in terms of (N + 1) ordinary differential 
equations expressing the conservation of N chemical 
species and energy, including the effects of heat 
losses. The complete set was solved numerically 
using an appropriate technique for "stiff" ordinary 
differential equations. The results brought out 
the key role played in the early stages of ignit it on 
by the methyl and hydroxyl radicals and the hydro
gen atom. To examine global properties of the 
solution, the kinetic scheme was expressed in terms 
of a two reaction mechanism and the problem reduced 
thereby to a three-dimensional phase-space, namely 
one consisting of temperature, fuel, and relative 
radical concentration as the coordinates. Using 
this formulation, a systematic study was carried out 
exploring the effects of the initial temperature and 
radical concentration, subject to energy dissipation 
effects due to heat losses expressed in terms of. a 
thermal relaxation time. This yielded an explicit 
definition for ignition temperature. The results 
revealed the existence of a locus of critical radi
cal concentrations delineating the minimal amount 
that is required to produce a distinct reduction in 
this temperature. 

As an example of the results we obtained, 
Fig. 6 presents the conventional plot of time pro
files of the temperature and the concentration of 
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Fig. 3. Ratio of "turbulent" to "laminar" burning 
velocities in plasma jet ignited methane-air 
mixtures at an equivalence ratio of 0.6 initially 
at NTP. (XBL 798-6773) 
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the main radical species, CH3, H, and OH using the 
detailed kinetics scheme for a methane-air mixture 
at equivalence ratio ~ ~ 0.5 and the thermal relaxa
tion time Th "' 10-2 sec, while Ta = 300K. There 
are four cases: 

Ignition following thermal initiationt 
Extinction following thermal initiationt 
Ignition following initiation involving 
radical input~· 
Extinction following initiation involving 
radical input .t 

In the first two cases, after the initial 
exponential evolution of radicals--the classical 
property of the induction process2,3--their growth 
rate is visibly slowed down. In the case of igni
tion, this is .followed by an extremely fast increase 
in radical concentration accompanied by an equally 
fast rise in temperature after a slight decrease 
manifesting the influence of endothermic reactions. 
This is followed by a rapid decay, first in the con
centration of CH3 and then in that of H, OH and tem
perature--the characteristic features of the so
called "thermal explosions".4,5 In the case of 
extinction, there is only a continuous decay in the 
temperature while the radicals, after reaching maxi
mum concentrations, disappear quite rapidly. 

ttemperature jump only 

t initial concentrations specified in the figures. 

The latter two cases are representative of 
processes involving an appreciable intial concen
tration of radicals. Instead of the initial expo
nential evolution, the radicals at first recombine, 
giving rise to an exothermic process manifested by 
temperature increase, thereupon reaching a tempo
rary state of equilibrium followed by a rapid growth 
or decay, as in the case of thermal initiation, 

The salient feature of the set of ordinary 
differential equations of ignition is that they 
are autonomous. Their solutions are therefore 
best described in terms of integra 1 curves in the 
phase space of the dependent variables: the species 
concentrations and the temperature, Each integral 
curve is fixed by the parameters of state at t = 0 
--the coordinates of its initial point. In order 
to visualize the integral curves, it is sufficient 
for our purpose to consider their projection on 
the plane of the temperature and methyl radical, 
the latter being singled out in view of the promi
nent role it plays in methane ignition.6 

Depicted in Fig, 7 are families of such curves 
obtained for the detailed kinetic scheme (upper 
row), as well as for the two reaction model (lower 
row), in methane-air mixtures at equivalence ratios 
of ~ = 0.5 and~= 1, while the thermal relaxation 
time 'h = Io-2 sec for with Ta = 300K, Numbers in 
circles denote the four general cases of Fig, 6. 

Figure 8 displays clearly the existence of a 
separatrix surface between solutions for ignition 
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Fig. 8, Influence of initial radical concentration 
on ignition temperature. Radical concentration is 
expressed in terms of its ratio to the initial 
concentration of fueL (XBJ" 797-6663A) 

and ext inc tim1. This surface marks the threshold 
for ignition and provides a distinct definition of 
the ignition temperature----a which, as it 
becomes apparent from the graph, is, for a given 
chemical system, a function of the thermal relaxa
tion time and the initial concentration of radicals. 

The integral curves displayed in Fig. 7 tend 
towards the envelope surface of the solutions for 
thermally initiated processes, rendering it an 
important a locus of critical concentra-
tions. concentration of a radical 
is below its critical level delineated by this sur
face, it will increase in the course of the process, 
irrespective of whether this leads to ignition or 
to extinction. If, on the other hand, the initial 
concentration of a radical is above its critical 
level, as vras in fact the case for the solutions 
correspond to finite initial concentrations of 
radicals presented in Fig. 6 and 7 1 it will at first 
decrease. As -l:llustrated in • 7, this trend may 
be subsequently reversed as a consequence of the 
shape of the surface of critical concentrations in 
the phase space. 

'l1.1e solutions presented in Fig. 6 correspond 
to the curves which in Fig, 7 are closest 
to those separatrices, thus bracketing the ignition 
temperature. Concomitantly 9 the integra 1 curves 
for finite initial rad ica 1 concentrations shown in 
Fig. 7 correspond to the same values of concentra
tions as those of the solutions presented in Fig. 6, 

'fhe significant practical results of our study 
are displayed by the plot of the ignition tempera
ture as a function of the initial radical concentra-
ton, , 8. Major· cone lusions one can reach on 
this basis are as follows: 

l. The dependence of the ignition temperature 
on the initial radical concentration evaluated by 
the use of the two-~reaction model is in agreement 
with that determined for the detailed kinetics 
scheme within a band of about lOOK--as good as one 
may expect. 
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2, The effect of the initial concentration of 
radicals in diminishing the ignition temperature 
becomes not ice able 1m en it reaches the I eve 1 of 
about 1% of the initial concentration of fuel. 
This is in close agreement with the coordinate of 
the surface of critical concentrations, Thus, in 
order to be of practical significance, the initial 
radical concentration should be supercritical. 

Preliminary results of this study were pre
sented at the Seventh International Colloquium on 
Gasdynamics of Explosions and Reactive Systems in 
GBttingen, August, 1979.7 

ics 

The salient feature of our method of approach 
is the rea Hz at ion that in a gaseous medium the 
process of ignition is ificantly influenced by 
the fluid mechan ica 1 phenomena. Hov;ever, the driv·-
ing mechanism is derived from chemical reactions. 
Thus in spite of the fact that the fluid mechanical 
aspects can be of crucial 1 especially 
under the significant limit conditions, they are 
~ secondary in nature. 

None the less, they are prominently included in 
our studies, as exemplified by the methodology we 
developed for performance tests described here 
earlier, and •11e have developed a plan of attack 
based on the random vortex technique described 
in the section on "Numerical Modeling of Turbulent 
Combustion," 

The eventual aim of our study is the determina
tion of the relative influence of fluid mechanical 
phenomena and chemical kinetic processes on ignition 
in gaseous media, with relevance to 
future evolution of interna 1 combustion engines, 

PLANNED ACTIVITIES FOR 1980 

With reference to the four phases of this 
program of research, our plans for 1980 consist 
of the following tasks: 

L carry out performance 
generated jet ignition 
the investigation of 
include the effects 
medium and energy; 

tests of combustion
systems and expand 

jet igniters to 
modifying the plasma 

2, complete the construction of the molecular 
beam and perform preliminary ca lib cat ion 
tests; 

3, expand the thermochemical analysis to the 
non-homogeneous process of flame genera-~ 
tion, i.e. to the domain of partial dif~
ferential equations including the effects 
of d i:Efusion; 

4. apply the mode technique based on the 
Random Vortex Method to jets and jet ig
nition, the latter simulated by the action 
of volume sources in the turbulent regime 
created by the jet; for this purpose the 
technique will have to be extended to 
cover the "slightly compressible" effects 
of confinement on the increase in bulk 
density of the medium. 
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NUMERICAL ANALYSIS OF A HYPOTHETICAL EXPLOSION"' 
J. Kurylo and A. K. Oppenheim 

INTRODUCTION 

At approximately 4:00 A.M., March 28, 1979, 
the Three Mile Island Nuclear Plant Unit 2 in 
Harrisburg, Pennsylvania, while operating at 
approximately 97% of full power, experienced a 
loss of feed water.l,2 Unlike previous incidents,3 
a series of events took place resulting in the 
formation of a potentially explosive gas bubble 
within the reactor pressure vesseL While field 
monitors recorded releases of radioactive gases, 
Nuclear Regulatory Commission, General Public 
Utilities, and Industry Advisory Group personnel 
struggled to gain control over the growing gas 
bubble. Estimates of the bubble's size were as 
large as 2000 ft3 at a pressure of 68.03 atm and 
a temperature of at least 422K. Chemical analysis 
indicated the gas bubble's composition to be a 
rich mixture of hydrogen, oxygen, and \~ater vapor. 

Questions concerning the explosibility and 
flammability of the gas bubble arose. The immediate 
and primary concern was to assess the vulnerability 
of the reactor pressure vessel to the most serious 
of possible future events-accidental explosion of 
the gas bubble. Failure of the vessel to contain 
the explosion could have led to the venting and 
subsequent dispersion of highly toxic radioactive 
material into the atmosphere. A potentially serious 
threat to the public existed. 

We were asked by the Nuclear Regulatory Agency 
to evaluate the effects of a hypothetical explosion. 
In response, we determined by numerical analysis 
the evolution of pressure and impulse loadings 
on the walls of the hemispherical dome of a 
reactor pressure vessel arising from a centrally 
ignited gaseous detonation, Included in the 
investigation were the effects of richness of the 

hydrogen-oxygen gas mixtures, as well as effects 
due to inclusion of water vapor. 

ACCOMPLISHMENTS 

Analysis 

It was assumed that initial conditions at 
the instant the gas bubble is consumed are given 
by the se If-similar solution of a Chapman-Jouguet 
detonation front headed by a blast wave. The 
evaluation of such an event was described by 
Oppenheim et aL4 The analysis was performed using 
a numer ica 1 technique, the CLOUD CODE5 developed 
and modified by Oppenheim et aL 6 This technique 
is set in Lagrangian coordinates and incorporates 
the smoothing action of artificial viscosity.7,8 

Since the accuracy of the wave interaction 
processes, especially those occurring between the 
blast wave front and reactor wall, was of partic
ular interest, special attention had to be paid 
to the spatial resolution of the gas bubble. 
Over 400 grid points were used for this purpose. 

Results 

For the same thermodynamic properties of the 
reacting medium, we analyzed the following three 
cases: 

(1) Constant volume combustion (EV) 

(2) Chapman-Jouguet detonation (CJ) 

(3) Chapman-Jouguet detonation including 
the von Neumann spike (VN) 
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Fig. L Static wall pressure and impulse loading 
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Chapman-Jouguet detonation; dashed line refers 
to constant volume combustion; while rc denotes 
radius of hemispherical gas bubble in meter). 
(XBL 798-2468) 

The medium considered was one consisting of two 
components, unburned and burned, each behaving 
essentially as a perfect gas with constant but 
different specific heats. 

As an example of the results we obtained, 
Figs. 1 and 2 present the static pressure and 
static impulse loading histories on the reactor 
vessel wall, assumed to be perfectly rigid for 
cases (2) and (3) respectively. Initially the 
gas bubble consisted of 90% hydrogen and 10% oxygen 
(in volumetric fractions). The dashed line corres
ponds to case (1), the constant volume combustion. 
Prominently displayed is the rapid decay of the 
peak static pressure and the subsequent ringing 
of the blast front--a characteristic feature of 
confined explosions. After the first reflection, 
the static pressure peaks are slowly reduced, 
except for the third peak which is always lower 
than the second and fourth. If it is assumed that 
the detonation front reaches the von Neumann spike, 
the amplitude of ringing pressures is about 30% 
higher, while the frequency remains practically 
the same. The pressure patterns are quite similar, 
except for the plateau prior to third reflection 
which occurs only in case (2). 

CONCLUSIONS 

The conclusions derived from our results are 
as follows: 

1. Maximum peak pressure is attained by the 
initial reflection of the detonation front 
from the wa 11 of the reactor vesse 1. 
Its value can be estimated within about 
15% accuracy by calculating the pressure 
due to planar reflection of the detonation 
front, 

2. Pressure peaks of the ensuing ringing 
process are much weaker than that of 
the first peak, but they are, nonetheless, 
quite significant, 
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3. Impulse loadings are essentially the same 
as those attained by constant volume 
combustion. 

4. Increasing the richness of the gas bubble 
mixture and introducing water vapor lessens 
the potential danger due to detonation. 

5. The ringing frequency is virtually 
independent of the initial composition 
of the mixture, ranging from 1300 to 1600 
cps for the various cases we analyzed. 
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COMBUSTION Y AND POLLUTANT FORMATION 

COMPARATIVE COMBUSTION INHIBITION* 
R. W. Schefer and N. J. Brown 

INTRODUCTION 

There are incidents of unwanted fire where it 
is undesirable to use water as an extinguishing 
agent. In many of these cases, low molecular weight 
halogenated hydrocarbons of the methane type (where 
halogen atoms are substituted for hydrogen) are 
used as inhibiting and extinguishing agents. In 
order to choose the optimum inhibit or for a give 
set of combustion conditions, it is important to 
understand the detailed mechanism of inhibition 
and extinguishment. A research program has been 
sponsored at Lm~rence Berkeley Laboratory by the 
National Bureau of Standards to conduct a modeling 
study of combustion inhibitors to improve our under
standing of inhibitors. The following parameters 
\~ere considered in the study: 1) combustion con
figuration; 2) fuel type; 3) inhibit or type; 
4) inhibitor concentration, and 5) pressure. 

Flame inhibitors are broadly classified as 
being either of the physical or chemical type. 
The former type is believed to act simply as a 
physical diluent •mile the latter is thought to 
participate directly in the reaction mechanism im
portant to flame propagation. Although no general 
consensus exists regarding the mechanism( s) of 
chemical inhibition, it is recognized that certain 
molecules have been observed to retard flame propa
gation out of proportion to their thermal influence. 
This leads to the supposition that this type of in
hibition is directly linked to chemical reactivity. 

Although a large body of literature associated 
with flame inhibition studies exists, it has not 
been possible to formulate a generalized inhibition 
mechanism which can explain the various results 
over the wide variety of conditions which have 
been employed in these studies" This is largely 
due to (1) uncertainties in the inhibition kinetic 
mechanism and (2) the complex interaction between 
thermal dilution and chemical effects discussed 
above. The objective of the present investigation 
was to undertake a set of mode ling studies in which 
the influence of the various processes involved 

in flame inhibition could be ascertained, and, 
from these results, develop a more detailed under~ 
standing of the overall combustion inhibition 
mechanism. 

During the previous year mode ling calculations 
were carried out in which the effect of inhibitor 
addition on the combustion characteristics of Hz/ 
02/Ar mixtures in an idealized perfectly stirred 
reactor was determined.l Two physical inhibitors, 
Nz and Ar, and one chemical inhibitor, HBr, <vere 
investigated. The physical inhibitors acted as 
diluents and the chemical inhibitors xvere found to 
decrease the total radical pool concentration. 

ACCOMPLISHMENTS DURING 1979 

The inhibition of Hz/02 mixture by HCl and HBr 
reacting in both a perfectly stirred reactor and in 
plug flow was investigated. In addition, perfectly 
stirred reactor calculations were also performed on 
inhibited moist carbon monoxide mixtures. 

Calculations were completed for HCl add it ton to 
the perfectly stirred reactor,2 and the variables 
considered in the study were pressure, equivalence 
ratio, and inhibitor concentration. The effective
ness of HCl as a flame inhibitor was characterized 
by a tradeoff between reaction exothermicity and 
radical scavenging ability. At lmv concentrations 
HCl promoted the combustion process rather than in
hibiting it due to the large heat release associated 
with recombination reaction: (H + Cl + M""' HCl + M) 
where M is any third body. This resulted in a sub
stantial reduction in reactor residence at blox.Jout 
which is indicative of the promotion of combustion. 
As the HCl concentration was increased, radical 
removal via the reactions H + HCl ~ Hz + Cl + M 7 

HCl + M became competitive with radical production 
reactions, and HCl exhibited a behavior more charac
teristic of a flame inhibitor in which reactor resi
dence time at blowout increased 1vith increasing HCl 
addition. HBr exhibited a similar tradeoff bet1veen 
reaction exothermicity and radical scavenging 
ability. However, due to the relatively lower heat 
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release rates associated with HBr recombination, 
radical removal was the predominant effect and, over 
the range of conditions investigated, HBr was effec
tive as a flame inhibitor. A comparison of the 
effect of HCl and HBr addition on the blowout char
acteristics of a perfectly stirred reactor is shmm 
in Fig. L 

Calculations performed on inhibited moist CO 
mixtures in a perfectly stirred reactor showed that 
both HBr and HCl acted effectively as inhibitors 
over the range of conditions investigated. Although 
heat release due to HCl recombination contributed 
significantly to the tot a 1 heat release, rad ica 1 
removal reactions involving HCl were more competi
tive with radical production reactions involving 
H, OH, and H2 due to the lower concentrations of 
the latter species in the moist CO mixtures • 

In the plug flow reactor utilizing hydrogen/ 
oxygen/ argon mixtures HBr was significantly more 
effective as an inhibitor than HCl. HRr effective-· 
ness was directly attributable to radical removal 
via the reaction HBr + H 7 H2 + Br. Because of the 
lower rate coefficient associated with the corres
ponding HCl reaction (HCl + H + H2 + Cl) radical 
removal rates were not competitive with radical 
production rates and HCl was relatively less effec
tive as an inhibit or, In both the HCl and HBr case, 
three body HCl and HBr recombination reactions made 
negligible contributions to radical removal and 
heat release, 

PLANNED ACTIVITIES FOR 1980 

The research objectives of this study were 
completed during FY 1979, and two manuscripts will 
be submitted for publication during FY 1980. 
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OF NITROGENOUS POLLUTANTS 
IN COMBUSTION ENVIRONMENTS* 

N. J. Brown, E. Cuellar, T. S. Eitzen, A. S. Newton, R. W. Schefer and T. Hadeishi 

Combustion sources utilizing alternative and 
fossil fuels pose a substantially more serious 
threat to air quality than natural gas and distil
late oils since they contain nitrogen and sulfur 
chemically bound to the fuel. The importance of 
the potentially serious fuel nitrogen pollution 
problem associated with increased alternative and 
fossil fuel utilization has not been assessed since 
all the nitrogen-containing combustion products 
have been neither identified nor quantified. Thus 
it becomes increasingly important to develop and 
characterize analytical techniques which are suit
able for quantitatively measuring nitrogeneous com
pounds in the post combustion environment. This is 
a crucial step in the determination of source emis
sions and the assessment of the health and environ
mental effects of pollutant species. 

Research emphasis has been placed upon measur
ing the concentrations of NO and NH3 in combustion 
mixtures. A flat-flame burner system has been set 
up and characterized to ascertain that the flame is 
one dimensional. Concentrations of NO are deter
mined via two methods and compared. The first 
method involves extracting a gas sample from the 
flame '"ith a quartz aerodynamic quenching probe 
and analyzing the sample with a chemiluminescent 
analyzer. The second method is a spectroscopic 
technique which is extremely sensitive to concentra
tions in the ppm range. The particular type of 
spectroscopy to be used is Zeeman Atomic Absorption 
Spectroscopy (ZAA) which was developed at Lawrence 
Berkeley Laboratory for the quantitative determina
tion of atoms and small molecules,l The technique 
is non-intrusive, situ and of the differential 
absorption type. 

Concentrations of NH3 were determined in the 
post-combustion environment of a prototype alterna
tive fuel. Samples were extracted via a quartz 
aerodynamic quenching probe and then passed through 
a sampling ce 11 filled with sphedca l glass beads 
which were coated with a weak H3P04 solution. 
After collecting a known volume of sample, the sam
pling tube was removed and the NH3 was transferred 
to an aqueous solution via washing. The quantita
tive measurement of the dissolved NH3 was then 
determined calorimetrically by the sodium phenolate 
method. Briefly, the dissolved NH3 is chlorinated 
and then reacted with sodium phenolate to form an 
indophenol dye of unknown structure. The optical 
density of this dye is measured using a Beckmann 
Model DK Spectrophotometer at a wavelength of 632 
nm. Figure 1 shows the optical density as a func
tion of the amount of NH3 in 10 mL water, 

ACCOMPLISHMENTS DURING 1979 

Ammonia was measured over a range of concentra
tion and combustion conditions. It is important to 
collect the sample for an appropriate period of time 
so that the optical density is linear with concen
tration. The great difficulty in measuring NH3 in 
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Fig. 1. Optical density as a function of the amount 
of NH3 in 10 ml water by the hypochlorous acid-
sodium phenolate method. (XBL 803-181) 

product combustion gas mixtures is in sample collec
tion. Ammonia tends to condense on the walls of the 
sample manifold and is difficult to transfer quanti
tatively from the acid treated glass beads used in 
the collection system. Severa 1 techniques for im
proving sample collection have been attempted, but 
none have been found which give good reproducibility. 

A chemiluminescent analyzer was constructed 
and tested for the suitability of measuring NO and 
N02 concentrations in the ppm range. A series of 
experiments was performed on premixed methane/air 
flames of varying equivalence ratios to '~hich knmvn 
concentrations of NO were added, Survival of NO 
through the flame front was then determined by 
measuring NO concentrations with the in situ spec
troscopic technique and via the probe/ chemilumi
nescent method. Thermal NO could then be determined 
by extrapolating the results of the doping experi
ments to zero doping levels. Figure 2 is a plot of 
NO concentration measured via probing and chemilumi
nescent analysis versus NO added to the flames. 

PLANNED ACTIVITIES FOR 1980 

Two new techniques will be investigated to 
improve the sampling of NH3. One of these ,.,i.ll 
utilize cryogenic trapping to collect the NH3. It 
is anticipated that errors in the NH3 quantification 
can be reduced to less than 20 percent. The work 
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Fig. 2. The survival of NO in an atmospheric, 
stoichiometric premixed methane/air flame of 
velocity 28.4 em/sec. The ordinate represents 
the concentration of NO that was measured in 
the post flame region with a chemiluminescent 
analyzer, and the abscissa represents the concen
tration of NO added to the flame. (XBL 803-182) 

describing the quantification of NH3 in combustion 
product mixtures will he described in a paper2 
\vhich will be submitted for publication. 

An analytical technique for measuring HCN in 
combustion environments utilizing gas chromatography 
is under development, A sampling system is also . 
being constructed for the GC/MS so that samples col·· 
lee ted from combust ion experiments can be ana l.yz ed 
and nitrogen- and sulfur-containing species can be 
identified, 

The comparative study of NO quantification :m 
combustion environments will be completed, The 
survival of NOz throughout the flame front will be 
determined and NO ""' NOz probe conversions 1vil.l b'" 
investigated, A paper3 describing this study will 
be written and submitted for publication, 
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REDUCTION NO 
N. J. Brown, T. S. Eitzen, and R. F. Sawyer 

INTRODUCTION 

Combustion, both of the mobile and stationary 
types, is the primary source of the nitrogen oxides, 
NO and NOz. Control of nitrogen oxides emissions 
is essential since these compounds result in atmos
pheric nitrogen dioxide, photochemical smog forma
tion, formation of nitrate and perhaps other 
compounds whose role in air pollution is less well 
understood. 

This research is concerned with characteriza
tion of a new NO contro 1 techno logy, described 
by Lyon and Longwell,! which selectively removes 
NO from combustion effluent gases through homo
geneous reactions with ammonia and oxygen, The 
process differs from conventional NO abatement 
techniques since it does not prevent or limit NO 
formation but rather removes the NO through 
reaction in the post-combustion gases. 

The selective reduction of NO by Mi3 is being 
investigated in a laboratory-scale combustion tunnel 
which supports steady-state, reproduc ib l.e combus
tion under a variety of experimental conditions. 
Figure 1 is a schematic diagram which illustrates 
the five component parts of the experimental system. 
The first part is the gas metering and mixing sec
tion for fuel, oxidizer, and prototype fuel nitrogen 
compound. The fuel used throughout the study was 
propane and the fuel nitrogen compound 1vas NO. 
The second segment of the tunne 1 where combust ion 
occurs consists of a flame holder, igniter and 
quartz flame tube, The des ired combustion-"produc t 
temperature, T*, for the selective reduction reac
tion is achieved in the third portion of the tunne 1 
where secondary Nz is injected into the flow from 
four stainless steel injectors. 1ne NH3 injection 
system is the fourth component of the tunnel, and 
here mixtures of NH3 and Nz are injected into the 
products of combustion through four quartz injectors. 
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Figo lo Schematic diagram of the laboratory-scale 
combustion tunnelo (XBL 802-7968) 

Composition and temperature measurements are per
formed in the final portion of the tunnel which is 
a test section where five probe-access ports are 
located" The entire tunnel is approximately 3o5m 
in length and has an inside diameter of 5 cmo 
Experimental variables considered in our study are: 
(1) equivalence ratio, (2) concentration of NO prior 
to NH3 addition, (3) temperatures of the combustion 
products prior to NH3 addition, and (4) the concen
tration of NH3 added to the product gaseso Tempera
tures and concentrations of CO, NO, C02 and NH3 
are measured in the test section" Samples are 
extracted with quartz aerodynamic quenching probes 
and analyzed with continuous gas analyzers or wet 
chemical techniques" Results are analyzed in terms 
of NO survival yields and concentrations of m13 
present at the final probe station, after reduction 
has occurred" 

ACCOMPLISHMENTS DURING 1979 

Nitric oxide reduction via NH3 addition to 
the post-combustion gases have been investigated 
at three equivalence ratios and three addition 
temperatures for four NH3 concentrations and a 
concentration of 500 ppm NO in the test section, 
Figure 2 is a plot of NO survival as a function 
of S for a lean mixture. The quantity S is the 
ratio of the number of moles of NH3 added through 
the injectors to the number of moles of NO present 
prior to add it ion, The temperature of the combus
tion products at NH3 injection is designated T*, 
As seen from the figure, the surviva 1 of NO 
decreases with increasing S, and survival is least 
(optimum reduction) at 1170K, The results of 
several experiments are summarized in two papers2,3 
and are briefly described in the paragraphs below, 

At excess air operating conditions the 
observed behavior of the ammonia injection process 
for nitric oxide control was consistent with 
previous investigations,4 An optimum temperature 
and ammonia addition level for maximum nitric oxide 
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Fig, 2. The NO survival, [Nof]![Noi], as a 
function of S for three values of T*, The 
initial concentration of NO is 500 ppm and the 
equivalence ratio ¢ = 0.87" [Nof] and [Noi] 
signify the final and initial NO concentrations 
respectively. (XBL-802-7969) 

removal were observed, Nitric oxide survival was 
somewhat greater than had been obtained by other 
investigatorso4 This difference is probably 
attributable to differences in experimental 
configuration, 

The effectiveness of nitric oxide removal 
improves as the stoichiometric mixture is approached 
from the lean side but is very sensitive to the 
mixture ratio under near-stoichiometric conditions. 
Once the stoichiometric condition is reached and 
(apparently) there is no excess oxygen available, 
the effectiveness of nitric oxide removal drops 
rapidly. Under fuel-rich conditions ammonia 
addition is ineffective for nitric oxide removal, 

Ammonia breakthrough was not determined to 
be a problem for operating conditions close to 
those at which the ammonia injection process is 
intended to be used. Ammonia breakthrough occurs 
under conditions of excess fuel (absence of excess 
oxygen), low temperature at the point of injection, 
and high ammonia to nitric oxide ratios, 

The optimization of the process in practical 
applications may prove difficult because of expected 
variations in space and time of parameters to which 
process effectiveness is sensitive (temperature, 
excess oxygen, and nitric oxide level). Trade-
offs exist between nitric oxide removal and ammonia 
breakthrough which suggest that optimization also 
must involve an assessment of the relative import
ance of nitric oxide and ammonia emissions" For 
a large-scale application, the desirability of 
monitoring temperature, nitric oxide leve 1, and 
excess oxygen as a means of selecting the amounts 



and ly location of ammonia injection should 
be igated. Because of the sensitivity of 
the process to system parameters, monitoring of 
exhaust nitric oxide and ammonia would appear 
advisable (particularly in large scale applications). 

PLAJ\fNED ACTIVITIES FOR 1980 

Current work is concerned with the identifica
tion o:E nitrogeneous species which may also be 
produced in competition Hith the selective reduction 
reactions. Near~·stoichiometric and rich mixtures 
1vill be investigated under a variety of experimental 
conditions for the purpose of identifying other 
nitrogeneous compounds. 

The selective reduction of NO via NH3 addition 
will be investigated in the product gases of light 
fuel oil combustion as a function of several experi
mental pm:ameters. A newly-designed combustion 
section and fue 1 de system suitable for the 
combustion of light oils are under construction. 
The concentration of fuel sulfur and fuel nitrogen 
will be controlled by doping light oils with known 
amounts of thiopene and pyridene. Possible syner
gistic e:ffects between sulfur compounds present 
in the product gases and the selective reduction 
c~ill be investigated. 

INTRODUCTION 

A detailed understanding of combustion involves 
full of its chemistry, fluid mechanics, 
and the interaction of these two. Mu 1 tis tep reac-
d.on mechanisms prevail combustion so that 
single reactions are difficult to isolate for study. 
The complex mechanisms and the difficulties inherent 
in working in the high"·temperature environments of 
combustion complieate the study of combustion chem
istry. Relative to the considerable experimental 
effort, the success in recent theories of 
chemical kineties to gain a more complete knowledge 
of combustion chemistry has been quite minimal. 

This research is concerned with formally 
extending an.d unimolecular reaction rate 
theory to important combustion reactions. Three 

of reactions successfully treated with 
lar rate theory are dissociation, 

recombination and isomerization reactions. One 
or more of these reaction types plays a crucial 
role in , fuel pyrolysis, radical quenching, 
and pollutant·~formation and destruction mechanisms. 
Unimolecular reactions are governed by a compe
tition between collisional energy transfer and 
intramolecular energy redistribution. The kinetics 
are of the second order type at low pressure where 
collisional intermolecular energy transfer is rate 
controlling and first order in the high pressure 

which is ra te-l :imi ted by intramolecular 
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energy transfer. Currently, research is being 
directed toward achieving an improved description 
of bond fission reactions occurring at or near 
the high pressure limit. Rate coefficients wHl 
then be calculated for dissociation reactions which 
are important to combustion processes. 

ACCOMPLISHMENTS DURING 1979 

During FY 1979 \vork associated with the 
remaining two parts of a four part study of 
the Hz + Dz biomolecular exchange reactions was 
completed. Two papersl,2 summarize the results 
of these studies. The adiabatic channel model 
description of bond fission reactions has been 
examined in detail and the channel energy expression 
has been modified to better describe the transition 
from a reactant vibration to a hindered rotation 
and finally to the free rotation of the two frag--· 
ments relative to one another. A computer program 
has been written to determine the density and total 
number of vibration states via a direct counting 
procedure. 

PLANNED ACTIVITIES FOR 1980 

Revised adiabatic channel model calculations 
wi 11 be perf armed to determine mic rocanonical and 
canonical rate coefficients for HzO and N02 
dissociations. These will be compared with minimum 
density of states, and with minimum number of states 



calculations. Near threshold behavior will be 
examined in detail. 
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using four semiempirical potential energy 
sur faces," Lawrence Berke ley Laboratory report, 
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COMBUSTION CHARACTERISTICS OF COAL AND COAL RELATED 
R. F. Sawyer and W. K. Chin 

INTRODUCTION 

The renewed importance of coal as a primary 
energy source has motivated our study of the 
fundamental combustion characteristics of coal 
and coal-derived fuels. The opposed-flow diffusion
flame configuration has been employed to provide 
a well-controlled laboratory environment for the 
comparative study of the combustion of several 
fuels under steady-state conditions. The heating 
rates which are known to be important to the 
pyrolysis and combustion of coal are considerably 
less than those for pulverized coal combustion, 
but they match those of the fluidized bed or stoker 
fed combustion of coal. In previously completed 
work, the experimental program has demonstrated 
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Fig. 1. Opposed flow diffusion flame apparatus 
for the study of the combustion of coal and coal 
related fuels. (XBL 798-6829) 

the suitability of the opposed flow diffusion flame 
technique to the burning of pressed pulverized 
coal and solvent refined coal. 
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Fig. 2. Experimental burning rates for several 
fuels in a mixture of nitrogen and oxygen. 

(XBL 798-6852) 



6-21 

ACCOMPLISHMENTS DURING 1979 

The opposed flow diffusion flame apparatus, 
Fig. 1, was used to measure the combustion charac
teristics of coke, pressed pulverized graphite, and 
polymethylemethacrylate (PMMA) thereby completing 
the comparative study of these fuels. These fuels 
span the range of volatility from a fuel which 
completely volatilizes before combustion (PMMA) to 
one which produces essentially no volatilizations 
before combustion (pressed pulverized graphite). 
The effects of oxygen concentration in the gaseous 
flow ~vere investigated and an approximately first 
order dependence was observed for all fuels. The 
effect of blowing velocity \vas investigated, and 
the results are summarized in Fig. 2. Unlike PMMA, 
which exhibits the expected square root dependence 
of burning rate on blowing velocity, the surface 
burning fuels show an approximately first order 
dependence on blowing velocity. This same figure 
shows that the relative burning rates of the fuels 
are ordered in the manner expected from the relative 
volatilities of the fuels. 

Additional investigations were made of the 
gas phase combustion products, thermal diffusivity 
of the fuels under burning conditions, and effective 

mass transfer numbers for the fuels under burning 
conditions. Attempts to resolve the relative 
importance of surface oxidation by oxygen and by 
carbon dioxide were not successful because of the 
confounding effects of surface radiation. Further 
work on this important problem is suggested Hhich 
would require contra l of the surface heat flux 
(and thereby surface temperature) through irradi
ation from an externa 1 source. 

PLANNED ACTIVITIES FOR 1980 

The present studies have been completed and 
no continuing research is planned for 1980. 
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OPTICAL MEASUREMENTS OF COMBUSTION PRODUCTS 
ZEEMAN ATOMIC ABSORPTION 

Cuellar and T. Hadeishi 

INTRODUCTION 

The characterization of emissions produced 
in the combustion of fossil and alternative fuels 
is of recognized importance in the search for new 
energy sources. Nitrogen- and sulfur-containing 
combustion products are particularly important as 
potential pollutants, since alternative and fossil 
fuels contain both of these species chemically 
bound to aromatic rings and hydrocarbon chains. 
With this in mind, we have initiated a research 
project aimed at the detection and measurement 
of small molecules containing nitrogen and sulfur 
by a non-intrusive, in situ optical technique called 
Zeeman Atomic Absorption (ZAA) Spectroscopy. 

ZAA Spectroscopy was developed at Lawrence 
Berkeley Laboratory for the quantitative determina
tion of atomic species with high specificity and 
high selectivity.l This technique was recently 
extended to the detection of small molecules which 
exhibit a sharp rotational structure When under
going electronic transitions.2,3 In the presence 
of an external magnetic field, the atomic energy 
levels may be split into Zeeman components whose 
separatio~ is proportional to the strength of the 
magnetic field. Each new energy level can be 
described by a magnetic quantum number MJ, and 
transitions between these new states are given 
by the selection rule 6MJ = O, ±1. The 6MJ = 0 
components are called TI components and are normally 
not shifted or shifted very little from the zero-

field transition, whereas the 6MJ = ±1 components, 
called 0± components, are shifted symmetrically 
to shorter and longer wavelengths. The TI and 0± 

components can also be differentiated by virtue 
of their polarization. The TI components have their 
electric vectors linearly polarized parallel to 
the magnetic field, while the 0± components are 
linearly polarized perpendicular to the field. 

The splitting of spectral lines produced by 
the magnetic field as well as the polarization 
of these lines form the basis for the background 
correction by the Zeeman effect. One of the Zeeman 
components of the emission line is tuned (by varying 
the strength of the magnetic field) into exact 
coincidence with a sharp vibrational-rotational 
transition in the electronic spectrum of the mole
cule to be detected. This matching component will 
indicate the extent of absorption by the molecule 
of interest plus any background absorption due 
to other species present. The unmatched Zeeman 
components indicate background absorption only. 
A differential measurement of the absorption of 
the matched and unmatched components provides a 
quantitative measurement of the molecule to be 
detected. Since both components of the light 
which is used to make the differential absorption 
measurement originate from the same source, any 
fluctuations in spatial and temporal intensity 
distributions are identical for both components 
and hence cancel out. 
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ACCOMPLISHMENTS DURING 1979 

We have applied the technique of Zeeman Atomic 
Absorption Spectroscopy to the detection of Sz in 
a reactive gas mixture.4 The corrosive nature of 
Sz makes this species important in the combust ion 
of coal, and it could be a significant component 
in a coal gasifier atmosphere. A block diagram 
of the experimental system is shown in Fig. L 
The light source is a magnetically confined arc 
lamp which is placed between the poles of a 
permanent magnet. The cathode is made of stainless 
steel on which a strip of nickel-chrome sheet is 
spot welded, and the anode is constructed from 
an automobile spark plug which is modified to 
minimize the likelihood of discharge to the chamber 
wall. Direct current power is supplied to the 
light source at a current between 30 and 100 MA. 
Discharge to the cathode results in intense Cr 
(I) atomic emission at 3017.57A. In the presence 
of the magnetic field the atomic emission is split 
into its Zeeman components. The Zeeman splitting 
pattern for this transition is complex, resulting 
in seven closely spaced TI and fourteen o components, 
grouped symmetrically to shorter and longer wave
lengths about the TI components. One (or more) 
of the TI components matches a discrete vibrational
rotational transition in the x3zg- + B3zu
electronic system of 8z, Ro-vibronic transitions 
for Sz have been calculated from the spectroscopic 
constants of these two electronic states,S and 
the 8z transitions involved can be assigned to 
either v", J" = 7, 13 + v', J' = z, 14 or v", J" 
9, 31 + v', J' = 3, 3z.6 

The Cr (I) emission is co 11 imated and passed 
through a quartz cell. containing a flowing mixture 
of HzS and Hz (2.1%, 7.5% or 10% HzS), The gas 
mixture enters the cell through a 56 em-long quartz 
side arm which can be heated to lOOOOC, The cell 
itself is Z4 em long and is also heated to the 
same temperature. The variable phase retardation 
plate shown in Fig. 1 consists of a block of fused 
quartz mounted in a magnetic clamp. The applied 
stress produces a retardation of the phase of the 
light, and it alternately switches the matched and 
unmatched Zeeman components. The output of the 
photomultiplier tube is processed electronically 
and displayed on a strip chart recorder. 
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Fig. L Block diagram of the experimental apparatus. 
(XBL 80Z-8005) 

Sz is formed by the thermal decomposition 
of HzS according to the reaction 

HzS 9 Hz + 1/2Sz, LIH Z0,3 kcal/mole (1) 

Fig. Z shows the signal due to Sz obtained when a 
10% HzS in Hz mixture flowed through the cell at 
760°C. As the gas temperature increases and H28 
decomposition increases, the intensity of the 8z 
signal increases. The main drawback of this flow 
measurement, however, is the difficulty in heating 
up the gas mixture. This is demonstrated by the 
dramatic increase in signal intensity when the 
gas flnw is terminated. Figure 3 shows a similar 
result on a different scale. The lower trace 
records the gradua 1 increase in 8z when the gas 
flow is terminated, followed by eventual decay 
as the 8z disappears from the optical path by 
reaction or diffusion out of the open celL The 
upper trace records the signal output of the 
photomultiplier tube, and is in effect a measure 
of the absorption by all species present in the 
heated cell. The absorption level remains high 
even after the Sz has disappeared, indicating the 
presence of other species in the cell. A uv absorp
tion spectrum revealed a vibrational progression 
characteristic of 802. The SOz is probably formed 
by reaction with atmospheric oxygen backstreaming 
through the open end of the cell when flow was 
terminated. The presence of SOz, however, does 
not interfere with the detection of 82, although 
it may complicate the chemistry, 

In order to quantify the results obtained on 
Sz, an evacuated cell was made containing a small 
amount of solid sulfur in a side arm. The side 
arm is immersed in a heated oil bath whose tempera
ture determines the vapor pressure of sulfur.? 
The body of the ce 11 is heated to about 750oc. 
At this temperature sulfur vapor exists mainly 
as 8z, with negligible amounts of 84, 86 and S3 
present.8 In this manner, an absolute calibration 
can be obtained. An additional correction for 
line-broadening needs to be considered, however, 
since the calibration cell is at low pressure while 
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Fig. 2. Signal due to Sz formed by the thermal 
decomposition of HzS. t = 0 is the time at which 
the HzS/Hz flow was started. The externa 1 
temperature of the cell was 760°C. 

(XBL-80Z-8006) 



Fig. 3. The lower trace records the growth of the 
signa 1 due to Sz when the gas flow is terminated. 
The upper trace records the presence of an addi
tional absorbing species which was identified as 
S02 (see text). (XBL 802-8007) 

the flow ce 1.1 measurement is near atmospheric 
pressure. We have not yet measured the broadened 
correction for S2, but as a first approximation, 
v1e can assume it is the same as that for NO.9 
With this assumption, the signal shown in Fig. 2 
is found to correspond to 4.5 x J.o-5 atm of S2. 

A second estimate of the concentration of 82 
can be made assuming thermodynamic equilibrium for 
reaction (1). At equilibrium, the Sz concentration 
is only a function of gas temperature. Assuming 
the ga~ temperature to be 750°C, then the predicted 
82 concentration is 5. 6 x J.o-8 atm, three orders 
of magnitude lower than that obtained using the 
calibration with the evacuated cell containing 
sulfur. 

PLANNED ACTIVITIES FOR 1980 

He plan to continue our investigation on the 
detection and measurement of S2. As indicated 
above, more work is needed on the problem of the 
calibration of the S2 signals. Furthermore, the 
broadening of the S2 absorption needs to be investi
gated. 1wo Mg atomic lines at 2928 and 2937A can 
also be used for the detection of S2. The Zeeman 
splitting pattern for Mg is much simpler than that 
for Cr, so these lines can be used to obtain the 
line shape of the absorbing transition of S2. 

Another area which we plan to explore is the 
detection and measurement of NO produced in a flat 
flame CHL/air burner. The flat frame burner has 
been characterized, and the thermal NO produced 
can be compared with the results obtained using 
a conventional chemiluminescent analyzer. The 
Zeeman Atomic Absorption technique promises to 
be at least an order of magnitude more sensitive 
than the recent measurement by Hanson and co
worker-s 10 using a tunable diode laser. 

A thir-d area which we plan to investigate 
is the detection of NH3 by ZAA Spectroscopy. 
The first question to be answered is whether the 
electronic spectrum of NH3 has any sharp features 
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'~hich can be Zeeman-tuned to an atomic emission 
line. NH3 is of considerable importance in 
combustion since the selective reduction of NO 
through NH3 addition to the post combustion gasesll 
is under consideration as a potential control 
strategy to reduce NOx emissions from stationary 
combustion sources. No satisfactory method to 
measure NH3 in the effluent gases has yet been 
developed. 
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COMBUSTION OF N COMPOUNDS* 
R. D. Mathews·1and R. F. Sawyer 

INTRODUCTION 

Nitric oxide has been recognized as one of the 
more important combustion-generated air poll.utants. 
It plays an important role in the formation of 
photochemica 1 smog and can be trans formed in the 
atmosphere to noxious substances such as nitrogen 
dioxide, nitrates, and perhaps other compounds. 
Approximately 95% of nitric oxide emissions are 
attributable to combustion sources. It has been 
traditionally held that nitric oxide is the only 
significant nitrogen-containing air pollutant 
emitted from combustion systems. 

Other nitrogenous species have recently been 
identified in combustion products from a variety 
of combustion systems. Production of these other 
nitrogenous species is a cause for concern because 
molecular nitrogen, N2, is the only clearly innocu
ous N-species. Other members of the family of 
gas-phase nitrogenous species are odorants or 
lacrymators at low concentrations; affect visibil
ity; play a role in the formation of photochemical 
smog; take part in atmospheric reactions which 
affect the ozone layer; are capable of shifting 
the energy balance of the earth; are toxic at lm.; 
levels; are precursors of carcinogens; or are 
directly carcinogenic. 

ACCOMPLISHMENTS DURING 1979 

A review of investigations reporting the 
measurement of nitrogenous compounds from combustion 

systems ~vas conducted. The matrix of species and 
combustion systems for wnich they have been identi
fied are summarized in Table 1. The measurement 
of these compounds at lmv concentrations in combus
tion products is difficult and the quantitative 
results are often uncertain. Contrary to commonly 
accepted dogma, the oxides of nitrogen from some 
combustion devices at particular operating condi
tions can be dominated by nitrogen dioxide rather 
than nitric oxide. For example, both gas-turbine 
and diesel engines at idle or low-load operation 
have been observed to produce oxides of nitrogen 
which are more than 50% (in some cases up to 100%) 
nitrogen dioxide. Other nitrogenous compounds 
produced include nitrous oxide, NzO, ammonia and 
other amines, hydrogen cyanide and other nit riles. 
Catalytic devices used to reduce pollutant levels 
commonly lead to the formation of nitrogen compounds 
other than the desired Nz. An estimate based on 
existing data, in some cases limited, indicates 
that the total combustion emission of gaseous 
nitrogenous species other than N2 is apportioned 
as follows: 

NO 
N02 
N20 

NH3, other amines 
HCN, other nitriles 
other 

76.3% 
8. l% 

15o5% 
0.1% 
0.03% 
0.02% 

Table 1. Combustion sources of nitrogenous compounds. 
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PLANNED ACTIVITIES FOR 1980 

This review has been completed. 

FOOTNOTES AND REFERENCE 

*This \vork was supported by the Environment Division 
of the U.S. Department of Energy. 

tnepartment of Mechanical Engineering, University 
of Texas. 

l. R. D. Matthews and R. F. Sawyer, "Combustion 
sources of unregulated gas phase nitrogenous 
species," Lawrence Berke ley Lab ora tory report 
LBL-10280 (Jan. 1980). 

PARAMETRIC STUDY SUBMICRON 
FROM PULVERIZED COMBUSTION* 

J. Pennucci, R. Greif, F. Robben, and P. Sherman 

INTRODUCTION 

Recent studies have shmm that very fine 
particles (50-·lOOOA) represent a significant 
portion of the fly ash produced during the combus
tion of pulverized coal. While these particles 
represent only a small fraction of the mass of 
ash, they are extremely numerous.l A number of 
factors contribute to the health hazard of these 
particulates. Their small size allows them to 
be inhaled deeply into the lung and makes them 
difficult to remove from the stack gasses. 
Indications are that they may be enriched in certain 
toxic trace elements .1' 2 Because the noncombus ib le 
material in the coal is necessarily converted to 
ash, it should be in the form that is least hazardous 
and most easily cleaned, i.e., large particles. 

A parametric study is currently being carried 
out to determine the effect of combustion and heat
transfer variables on the production of submicron 
particulates and to see if this provides a feasible 
method of contra lling their production. This work 
was initiated in 1977 and an experimental system 
was built in 1978o A small amount of pulverized 
coal is entrained in a methane : air : oxygen 
mixture which is burned in a bunsen-type burnero 
Following combustion, a sample of fly ash is 
collected and prepared for examination in an 
electron microscopeo The sampler design and 
electron microscope technique were described in 
detail in last year's annua 1 report. 

ACCOMPLISHMENTS DURING 1979 

The work during most of 1979 has focused on 
refining the system to provide the control of the 
combustion and heat-transfer parameters necessary 
to make a study of their effect on the particulate 
size distribution. The original bunsen burner has 
been abandoned and an enclosed burner was builto 
The reactants enter at the bottom of a 3/8 in. 
mixing tube 12 in. longo At the exit of the mixing 
tube, the flame is stabilized 1vith a ceramic flame
holder. The initial flame burns the methane and 
provides a stream of hot gasses in which the 
pulverized coal burns. 

The coal combustion takes place in a sealed 
2 in. ceramic chimneyo The chimney prevents 

ambient air from mixing 111ith the flame and, by 
varying the wall temperature, provides a means 
of controlling the cooling rate. The cooling rate 
is reduced by adding insulationo As a means of 
increasing the cooling rate, water cooling was 
found to be relatively ineffective compared to 
the uninsulated ceramic, The uninsulated chimney 
cools a 1700K flame to lOOOK over its 14 ino 
length; with insulation the exit temperature is 
1350K. These arrangements correspond to cooling 
rates of 3000K/sec and 1500K/sec, respectively. 
Downstream of the chimney, dilution air is added 
to cool the gases for sampling. 

By using small coal flow rates, the effect 
of the coal on the combustion temperature is 
minimized and the combustion parameters can be 
controlled with the gaseous components. To vary 
the flame temperature, the flow of methane is 
changed; a proportionate change in the oxygen 
concentration must be made to provide the same 
amount of oxygen for the coaL A total fl01v of 
30 L/min has been selected; 8 to 12% of this is 
methane. By concurrently increasing the oxygen 
concentration from 26% to 37%, a flow of 2.5 L/min 
of oxygen is maintained for coal combustion. 
A coal flow rate of 0.5 g/min ~;rill consume 1 L/min 
of the oxygen. As a separate trial, the flow of 
excess oxygen is varied from 1.5 - 4.5 1/min. 

Additional work performed this year includes 
construction of the thermocouples used to obtain 
the temperature pro files in the chimney and the 
development of a new coal hopper that produces 
a flow of 0.5 g/min. The hopper uses a jet of 
air to entrain coal particles from the surface of 
a fluidized bed. The coal flow rate is controlled 
by adjusting the air flow but is also affected 
by the coal level and particle size. If the runs 
are kept short, the variation in the flow rate is 
small and does not affect the overall combustion 
significantly. 

PLANNED ACTIVITIES FOR 1980 

Samples have been collected over the range of 
conditions that can be achieved with the burner 
and they are currently being analyzed. The matrix 
of combustion conditions varies the initial tempera
ture, oxygen concentration and cooling rate. The 



dependence of the particle size distribution on 
these parameters will be analyzed in terms of the 
possibilities for control, and for the existence 
of condensation as the dominant formation mechanism 
of the small particulates, 

FOOTNOTES AND REFERENCES 

*supported by the Basic Energy Sciences Division 
of the Department of Energy. 
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SURFACE CATALYZED COMBUSTION* 
R. Schefer and F. Robben 

INTRODUCTION 

Catalyzed combustion has been proposed as a 
method for promoting efficient burning of a variety 
of conventional and future alternative fuels with 
a minimum of pollutant formation.l While prelim
inary tests have been quite promising, a number 
of aspects of catalyzed combustion are either not 
vlell understood or the necessary data are lacking. 
Necessary steps for the development of an optimum 
catalyst design will be (1) to develop a greater 
understanding of the role of the catalyst in the 
combustion process, and (2) to determine high
temperature catalytic surface reaction mechanisms 
and reaction rates, It is the goal of the present 
study to provide some of the necessary understanding 
and data for catalytic combustor design. 

Previous work has provided a detailed study 
of the combustion characteristics of lean Hz/air 
mixtures flowing over a platinum catalytic surface. 2 

Some regions were identified in which only surface 
reaction was present and others, at higher equiva
lence ratios and surface temperatures, in which 
both surface reaction and stable gas phase boundary 
layer combustion occurred simultaneously. Surface 
energy release rates were measured for Hz/air mix
tures on a platinum surface and from these measure
ments a mode 1 was deve lo~ed for the high temperature 
surface oxidation of Hz.- Based on this model and 
known gas-phase kinetic data for H2/air reactions, 
a numerical computational scheme was developed for 
modeling Hz/air combustion in the presence of a 
catalytic surface and the effect of catalytic 
surface reactions on gas-phase combustion was 
investigated.4 

ACCOMPLISHMENTS DURING 1979 

Planned activities during 1979 included an 
extension of the above study to typical hydrocarbon 
fuels flowing over catalytic surfaces. Surface 
reaction rate data obtained for these fuels, and 
models were developed for surface and gas phase 

reactions. Heasurements over a noncatalytc surface 
were planned to further aid in developing an under
standing of the role of the catalyst surface, 

During FY 1979 the combustion of lean propane/ 
air mixtures flowing over a platinum catalytic 
surface and a quartz (SiOz) noncatalytic surface 
was studied using differential interferometry for 
gas phase temperature field visualization. The 
range of equivalence ratios and surface temperatures 
was determined under which gas phase and surface 
reaction were present. A typical interferogram 
for the platinum surface is shown in Fig, 1 for 
a plate temperature of 12SOOC and an equivalence 
ratio of 0.8. The displacement of the interference 
fringes from their undisturbed position (at a 45° 
angle to the plate surface) is proportional to the 
local temperature gradient. It can be seen that 
the combustion process typically consists of an 
induction period during which little increase in 
thermal boundary layer thickness occurs, followed 
by a downstream region where gas-phase heat release 
(thermal ignition) results in a significant increase 
in thermal boundary layer thickness. The point at 
which thermal ignition occurs moves upstream toward 
the plate leading edge as the equivalence ratio or 
plate temperature is increased. With a noncatalytic 
surface, no such induction period was observed, 
and thermal ignition occured very near the plate 
leading edge. These results strongly support the 
results of previous numerical calculations for 
H2/air mixtures over a platinum surface Which showed 
a delay in the onset of gas-phase combustion due 
to the depletion of fuel and radical species near 
the catalyst surface. Gas-phase combustion with 
an SiOz sur face was also observed a at sur face 
temperatures up to 100°C lower under comparable 
conditions than with the platinum surface, 

Extensive Rayleigh scattering measurements 
of gas density were taken for lean Hz/air mixtures 
flowing over an SiOz noncatalytic surface, A 
comparison with similar data taken over a platinum 
surface again provided experimental verification 



Fig. 1. Inter fero gram of the flat plate boundary 
layer for propane/air combustion on a platinum 
surface. ¢ = 0.8, T8 = 1250 K, Uoo = 1.5 m/s. 

(XBB 790-16549) 

of the quenching effect of the catalyst surface 
on gas-phase reaction due to the depletion of fuel 
and rad ica 1 species near the plate surface. This 
can be seen from Fig. 2 where experimentally 
measured thermal boundary layer thicknesses are 
shown as a function of distance from the plate 
leading edge for platinum and SiOz surfaces at 
the same temperature. For comparison, the corres-
ponding numerica 1 results for the case of no 
combustion are a 1 so shown. The agreement be tween 
experimental results with the platinum surface 
and the numerical results for no combustion heat 
release indicates very little gas-phase heat re
lease. In the case of the relatively noncatalytic 
SiOz surface, the presence of heat release due 
to gas-phase combustion results in a significant 
thickening of the thermal boundary layer. This 
effect is in agreement with that predicted pre
viously by the numerical calculations. 

The numerical computational scheme was 
modified to include multicomponent diffusion 
coefficients and thermodiffusion of gas species. 
These modifications represent a more realistic 
approximation to species transport and should 
improve agreement with the experimenta 1 results. 
The kinetic scheme Has also modified to include 
reactions involving HzOz. H202 should be important 
in loHer temperature regions, mvay from the surface 
where it effectively acts as a radical scavenger 
and, it appears, could reduce the high predicted 
heat-release rates. 
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Fig. 2. Thermal boundary layer thickness as a 
function of distance from the plate leading edge 
for Hz/air combustion. ¢ = 0.2, Ts = l070K, 
Uoo ~ 1.5 m/s; x - SiOz surface; 0-platinum 
surface. Solid line indicates numerical results 
for the case of no combustion. (XBL 802-8008) 

PLANNED ACTIVITIES FOR 1980 

During FY 1980, '"ork will continue on 
determining gas phase and surface ignition 
characteristics of conventional hydrocarbon and 
future alternative fuel/air mixtures flowing over 
a catalytic surface. From this additional data, 
it will be possible to determine with greater 
certainty the precise role of the catalyst and 
to determine both reaction mechanisms and kinetic 
constants for surface and gas-phase reactions. 
Catalyst operation under fuel-rich conditions will 
also be investigated with the emphasis on soot
formation characteristics in the presence of a 
high-temperature catalyst. 
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OF SPOUTED 
R. F. Sawyer, H. A. Arbibt and J. Weinberg·f· 

INTRODUCTION 

Spouted beds have found their primary applica
tion in the drying of grain and other agricultural 
products, coating application, and the mixing of 
solids. Khoshnoodi and Weinbergl were apparently 
the first to report on the use of a spouted bed 
as a combustor. Their interest focused on the 
spouted bed as a heat recirculation device, and 
the resulting possibility of extending the lean 
flammability limit of premixed gaseous reactants. 
Others are studying the use of spouted beds as 
exothermic chemical reactors for the gasification 
ofcoaL2,3 

A cooperative research effort with the 
Combustion Research Group of the Department of 
Chemical Engineering and Chemical Technology at 
Imperial College, London was established. This 
activity includes cooperative research efforts on 
other combustion topics Which have been conducted 
through an exchange of personneL 

The present work focuses on the interaction 
of combustion with the spouted bed fluid mechanics. 
Particular attention is paid to those processes 
which control the lean flammability limit and to 
assessing the effectiveness of the simple spouted 
bed as a heat recirculation device. Cylindrical 
geometry with a high velocity reactant injection 
at the apex of an inverted cone was used in all 
cases. If one broadens the concept of a spouted 
bed to include all granular beds in which the solid 
phase is transported by a gaseous reactant feed, 
then other geometries can be conceived which 
provide better control of the relative motions 
of the gaseous and solid phases. The optimization 
of such combustors in terms of increasing pmver 
densities, widening stability limits, increasing 
combustion efficiency, reducing pollutant emissions, 
and improving heat transfer characteristics wi 11 
de pend upon an improved understanding of the 
controlling physics and chemistry of combustion 
in these spouted bed devices. The objective of 
our work is to expand this understanding. 

ACCOMPLISHMENTS DURING 1979 

The combustion characteristics of a spouted 
bed were studied to determine the interaction 
between bed fluid mechanics and the combustion 
process. A cylindrical geometry, particles 500 to 
1000 wm diameter, and methane/air reactants were 

employed. Combustion reduces the entrance jet 
velocity at which a spout can be maintained, 
increases particle circulation rates, and 
increases spout height in comparison with operation 
at identical conditions without combustion. 

Measurement of bed temperatures revealed that 
the particle temperature remains approximately con
stant. Particle-gas contact times are inadequate 
to allow these two phases to approach thermal 
equ1librium. Accordingly, the minimum lean 
flammability limit which could be obtained was 
approximately 75% of ordinary flammability limit, 
higher than the 50% predicted if the particle 
temperature were to reach the exit gas temperature, 

PLANNED ACTIVITIES FOR 1980 

Based on the work conducted at Imperial 
College, a spouted bed facility will be assembled, 
fabricated, and characterized in the combustion 
laboratories at Berkeley. A rectangular two
dimensional geometry with a slotted spout will 
provide better access for the studying of fluid 
and particle motions. Mapping of the temperature, 
gas and particle velocities, and local composition 
is sought to fully characterize the interactions 
between combustion and bed fluid mechanics. 

FOOTNOTES AND REFERENCES 
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MECHANICS 

IN GRID INDUCED 
R. G. Bill, Jr., I. Namer, R. K. Cheng, F. Robben, and L. Talbot 

INTRODUCTION 

The importance of the effect of fluid mechani
cal turbulence on combustion is well known (see, 
for example, the recent review of Andrews et aLl 
in Which flame speed is correlated with turbulent 
intensity and scale). Precise measurements of these 
effects in well characterized flows, however, have 
been notably lacking due to the inherent difficulty 
of measurements in flows with combustion. The 
present study, begun in FY 1979, seeks to quan-
tify the effect of grid-generated turbulence on a 
rod-stabilized, V-shaped, premixed, C2H4-air flame. 

The initial objectives of the study are to 
correlate measurements of the turbulent flame speed 
with turbulent parameters, such as scale and inten
sity, and to study the evolution of length scales 
and turbulent kinetic energy through the flame front. 
The long-term objective of the study is to charac
terize the statistical nature of the turbulent com
bustion process sufficiently enough to provide 
a means of testing and improving the assumptions 
of numerical models of turbulent combustion, such 
as that of Bray and Libby.2 In this regard, our 
study is one of several ongoing experiments which 
have been undertaken due to the abundance of back
ground data available from noncombustion studies 
and the experiment's amenability to numerical 
mode ling. These experiments include an exper imen
tal study of H2-air combustion in a turbulent 
boundary layer, and the interaction of a vortex 
street with a plane flame front. Since these flows 
have been well characterized without combustion, 
the effect of combustion may be readily determined. 

ACCOMPLISHMENTS DURING 1979 

During this period, Laser Doppler Ve loc imetry 
(LDV) measurements of the streamwise velocity 
component were obtained upstream and through a 
V""Shaped, premixed, C2H4-air flame stabilized on 
a rod downstream of a turbulence-generating grid. 
The measurements were obtained using the combustor 
and computerized data-acquisition system described 
in the previous LBL annual report (FY 1978), The 
LDV system used is of the intersecting dual-beam 
type with real fringes. An equal path-length beam 
splitter with a fixed separation of 5 em is used 
and the two laser beams are focused by a 250 mm 
focal length lens to form the scattering volume. 
Seed particles of Alz03 are introduced into the 
air supply prior to the stagnation chamber, Scat
tering bursts from the particles are collected 900 
from the forward scattering direction by a lens, 
filter and photomultiplier tube assemply. The 
frequency of the bursts are obtained using a TSI 
1090 frequency tracker. 
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Fig. 1. Mean and rms velocity in grid induced 
turbulence. (XBL 801-159) 

In Fig. 1, typica 1 LDV measurements of the 
mean and rms levels of the strewmvise velocity 
component are shown at a location 8 em downstream 
of a grid with a mesh size of 5 mm. The y coordin
ate is normal to the free stream. The grid Reynolds 
number of 700 is slightly above the lower limit 
reported by Batchelor and Townsend3 for grid 
turbulence. The particle arrival rate was approxi
mately 8000/sec and the sampling rate was 2000 
samples/sec. The position of the flame holder 
corresponds to y = 0; while the position, y = 16, 
corresponds to a point upstream of the flame front. 
As the flame front is approached, the gas density 
drops, and the flow is accelerated. A sharp rise 
in the flue tuation leve 1 occurs at the flame front. 
Beyond the reaction zone, the fluctuation level 
drops sharply with the turbulence intensity dropping 
below the level induced by the grid. We note that 
theoretical predictions of Bray and Libby2 indicat<~ 
net turbulent kinetic energy may be either produced 
or destroyed by the flame front depending upon 
competing production terms related to mean shear 
and loss terms related to mean flow dilation. 

In add it ion to these time-averaged measurements, 
computer programs have been completed 111hich vJill 
allow the time series data to be interpreted in 
terms of the autocorrelation functions, the power 
spectra, and the probability density function. The 
data have been recorded on 7-track digital magnetic 
tape and is currently being analyzed on the CDC 
7600 computer . 

PLANNED ACTIVITIES FOR 1980 

During FY 1980, velocity measurements obtained 
using LDV wi 11 be analyzed to provide information 
concerning the evolution of length scales through 
the flame front. Density measurements 1vill then be 
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made under the same flow condition using Rayleigh 
scattering. Since the flame front is more precisely 
defined by density measurements than by velocity 
measurements, profiles of mean and rms density vlill 
be important in the interpretation of velocity data. 

In order to measure the flame propagation speed, 
measurements of the normal velocity component will 
be obtained with LDV. These measurements, along 
with the previously measured streamwise component, 
v!ill allow us to produce a map of the mean flow 
streamlines, hence the flame propagation velocity. 
Finally, in order to obtain further comparisons of 
our experiment with numerical models, cross correla
tion of density and velocity will be obtained using 
Rayleigh scattering and LDV. This will be neces
sary since models such as that of Bray and Libby2 
use density-weighted time averaging. 
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COMBUSTION IN A TURBULENT BOUNDARY LAYER* 
R. K. Cheng, R. G. Bill, Jr., T. T. Ng, Robben, and L. Talbot 

INTRODUCTION 

The goal of this program is to study the inter
action of turbulence with combustion in a heated 
turbulent boundary layer where premixed combustion 
can occur. The experimental results are to be com
pared with numerical modeling results in order to 
assist in the formulation of suitable approximations 
for turbulent combustion as well as to critically 
evaluate numerical modeling approximations. 

The turbulent boundary layer is a classical 
fluid mechanics problem; experimental and theoreti
cal studies on the subject have been quite extensive, 
The nature of the turbulence in the boundary layer 
is relatively well understood, making it possible 
to investigate the change in the scale and intensity 
of turbulence as a result of combustion. The heated 
boundary layer is quite suitable for combustion 
studies as it can support combustion under a wide 
range of equivalence ratios from rich to very lean. 
The combustion heat release can be adjusted to occur 
throughout the boundary layer, permitting detailed 
study of the interaction of the exothermic combus
tion process with the turbulent flow field. 

ACCOMPLISHMENTS DURING 1979 

An experimental study of lean H2-air combustion 
supported by the turbulent boundary layer over a 
heated surface has been completed. It was carried 
out in the 2.5 em square channel 7.5 em in length, 
shown schematically in Fig. 1. The heated wall 
was lined with five heating strips made of Kanthal, 
a high-temperature, iron-base heating alloy. 
This arrangement provided surface temperatures 
approaching 1500K. The premixed air and fuel was 
supplied by a cylindrical stagnation chamber, 
and the assembly was mounted on a three-axis, 
computer-controlled, stepping-motor-driven traverse 
rnechan ism. 

Three well-developed laser diagnostic tech
niques have been used. Differential interferometry 
provided a convenient means to display and study 
the density gradient pattern, the intensity of 
Rayleigh scattering gave the local time re~olved 
gas density, and the Laser Doppler Velocimetry (LDV) 
gave the local velocity. The Rayleigh and LDV 
systems were interfaced with the PDP 11/10 computer 
controlled data acquisition system,l and the Fortran 

Focused laser beam 

Liqh! scattering 
collection optics 

Square channel 

Konlhal healing strips 

Boundary layer 

~Premixed 
fuel and air 

Fig, 1. Schematic of the 2-5 em square channel.. 
(XBL 796-10211) 



softHare was developed for data processing, Mean 
and root· ·mean~·square ( rms) values of density and 
velocity and their probability dens functions 
(pdf) have been calculated using the PDP 11/10 
computer. Further statistical analyses to obtain 
the au to·~corre l.at ion and spectra 1 density functions 
have been carried out using the CDC 7600 computer 
at LBL. 

The maximum free·~st.ream velocity obtained was 
about 20 m/sec, giving a J.ds number at the 
measm.·ement point: of 3 x , about the minimum 
necessary to sustain a transition regime turbulent 

boundary layer. The veloc fluctuation level in 
the nonheated boundary layer was about 6% of the 
free stream ve loc U

00
, somewhat higher than 

expected. The high fluctuation level is attributed 
to the relatively unevcm surface provided by the 

strips which induces unsteady motion in 
the boundary layer. Comparison of mean velocity 
pro files with ve l.oc for 
a fuLly developed turbulent boundary is 
shown in Fig o 2 o It can he seen that the data is 

good, Also, the distribution of fluctuation 
in the boundary is found to he in 

good agreement with of fu ll.y developed 
turbulent boundary layers, Nevertheless, due to 
the low Reynolds number, the boundary layer here 
cannot be regarded as typical for a fully developed 
tu.rbu lent boundary layer. 

The use of LDV in a heated boundary layer is 
hand by the movement of seed parti·-

cles due to thermophoretic force.3 However, data, 
obtained in the outer region of the boundary layer 
where the particle count rate was adequate, indi
cates that the mean ve J.oc ities in the boundary 
layer are decreased by Hall heating and combustion, 
v1hile the fluctuation level is increased by "mll 

, but decreased when combustion occurs, 
The apparent tm·bulence damping effect of combustion 
may be associated v!ith induced cross~stream motion 
of the flow by the combustion heat release. 

Examples of mean and rms pt"ofiles are 
shovrn in Fig. 3. The change in the shape of the 
mean p:co b.les incl ica tes clue to combustion, 
At an equivalence ratio, ¢, of 0,1, heat release 
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takes place throughout the boundary layer. At ¢ = 
0.2, the heat release zone, characterized by the 
S~shaped density distribution, moves away from the 
wall and forms a flame-like structure. The maximum 
fluctuation intensity for all cases occurs near the 
point of maximum density gradient and does not 
appear to be strongly dependent on the thermody~ 
namic or combustion parameter. 

The density pdf's for three points along the 
flame-like structure are shown in Fig. 4 lvhere y = 
2.5 corresponds to the peak fluctuation point and 
y ~ 2.0 and 3.0 corresponds to the edges of the 
hot and cold regions. The pdf for y ~ 2.5 mm is 
quite s~rnnetrical and extends almost from the cold 
to the hot levels, while the ones for y ~ 2.0 and 
3.0 are skewed. The high probability for cold and 
hot gas to penetrate into y ~ 2.5 mm seems to indi
cate cross-stream oscillation of the reaction zone. 

The spectral density distribution for the y 
2.5 mm point of Fig. 4 is shown in Fig. 5. The 
peak centered at about 450 Hz is quite apparent. 
Dis crete peaks at other frequencies are found in 
most of the spectral density distributions for cases 
involving combustion; they are most pronounced at 
the highest fluctuation points. These fluctuation 
frequencies do not correlate with any thermodynamic 
or combustion parameter and are too low to be asso
ciated with the characteristic acoustic frequencies 
of the channel.. The most likely origin of these 
fluctuation frequencies could be associated with 
the geometry of the heated Kanthal surface where 
ignition occurs. These results were presented at 
the 2nd Symposium on Turbulent Shear Flow;4 a more 
detailed publication is under preparation. 

Construction of a larger experimental system 
based on a horizontal wind~tunnel with a 10 em 
square channel test section has been completed. 
The wind tunnel is driven by a centrifugal pump and 
is mounted on a 3-axis stepping~motor-controlled 
traverse mechanism. The channel is 1 m long with 
the last 30 em of the lm.;rer wall lined with 9 Kan
thal strips stretched over a ceramic block. The 
length of the channel enables the boundary layer 
to more nearly approach fully developed turbulence. 
Preliminary surveys of the flow field have been 
carried out by hot-wire anemometry. Typical boundary 
layer thickness at U00 ~ 20 m is about 10 mm with 
about 6% rms fluctuation level. The mean profiles 
compare quite well with those of a fully developed 
turbulent boundary layer. Density measurements 
in the heated boundary layer without combustion 
are currently being undertaken. 

PLANNED ACTIVITIES FOR 1980 

Studies of lean combustion in the heated bound~ 
ary layer of the 10 em channel will be carried out. 
Density and the streamwise and cross-stream compon
ents of the velocity will be measured. Particular 
attention will be paid to the initiation of combus~ 
tion reactions in a well-developed turbulent bound
ary layer by having the heated surface section begin 
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Fig. 5. Energy spectrum of density fluctuations at 
the maximum intensity point in a heated boundary 
layer. (XBL 7912-5216) 

only after a cold turbulent boundary layer has been 
formed. The experimental results will be processed 
to obtain the statistical functions, and the depend
ence of these functions on combustion will be ob
tained. For futher analysis of the results, simple 
statistical modeling of the flow will be undertaken, 
and the modeling parameters will be varied in an 
effort to obtain agreement with the experiment. 
Presumably, this will lead to a phenomenological 
characterization of the experimental results and to 
further insight into turbulent combustion processes. 
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J. W. Daily, J. D. Keller, and R. W. Pitz 

INTRODUCTION 

Most flames of indusrial interest burn in 
turbulent free-shear flows. These flames are of 
2 types: diffusion flames and premixed flames. 
Diffusion flames are characterized by fuel on one 
side of the shear layer and oxid ize:r on the other 
side. The :reaction :rate is controlled by molecular 
diffusion; hence the name "diffusion flame." Pre
mixed flames consist of a premixed fuel and oxidizer 
flow on one side of the layer and hot products on 
the other side. This flame is stabilized by the 
diffusion of heat which :raises the reactants to 
the ignition temperature. There is a strong 
interest in lean premixed combustion since it shows 
promise in solving the NOx pollution problem. Re
cent research in turbulent-free shear layers has 
given a new direction to understanding reacting 
flows" 1 The existence of large-scale structures 
which have a very distinct behavior has opened up 
a new approach to the problem of turbulence. The 
existence of these structures leads to a determin
istic approach to turbulence and turbulent combus
tion rather than a statistical one. 

ACCOMPLISHMENTS DURING 1979 

Our test facility is a turbulent combustion 
tunnel with flow over a rearward facing step. The 
tunnel is equipped with quartz side windows which 
a11mo~ optical access (Fig. 1). This facility is 
capable of making the following types of flow meas
urements: 

1. Hotwire anemometry and LDV measurements of 
the mean flow and turbulent quantities. 

2. Rayleigh scattering total number density 
measurements. 

3. Laser schlieren power spectra. 

4. Schlieren movies of the flow. 

EXHAUST 
COOLING 
WATER 

The hotwire, Rayleigh, LDV and schlieren sys
tems are of the standard type. Our laser is mounted 
on top of a milling table equipped with a stepping 
motor for the vertical scanning direction. This has 
the capability of being interfaced with an 11/34 PDP 
computer. Software has been developed to handle the 
data taking and perform on-line data manipulations. 
This software gives us the ability to evaluate the 
validity of the data as 1vell as to immediately plot 
the data in final form. 

We have conducted a study of premixed combus
tion on the 2-D shear layer. In characterizing the 
entrance flow, we found the. pmver spectra remarkably 
similar to that found at the exit of gas turbine com
pressors (Fig. 2). The power spectrum was smoothed 
subs tanti.a lly by packing the mixing section of the 
test facility 1vith steel wool and employing turbu
lence damping screens. The po>ver spectra and auto-· 
correlation functions are now typic a 1 of grid tur
bulence. Experiments were then performed studying 
the effects of combustion on the layer. The results 
show relatively little effect on the structure due 
to combustion. It can be seen from schlieren and 
LDV measurements that the main effect is a shifting 
of the layer downward toward the hot side (Fig. 3). 

The shear layer may be divided into 2 distinct 
processes. First, entrainment is the engulfment of 
i.rrotational fluid into the shear layer; and second, 
mixing is the microscopic molecular mixing within 
the large-scale structures. Konrad and Breidenthal 
have sho1·m that the mixing process is separate from 
the entrainment process.2,4 The mixing process is 
a strong function of the Reynolds number; hO\vever, 
the 2-D large scale structure is not.3 This 
raises the question, lvhich of the two processes 
is the governing process in combusting flmvs? By 
examining the schlieren movies of the fl. ow, and by 
ca lcul.ating the character is tic times in the flow, 
one can shmv that this combustion process is en
traimnent limited. 5 

PREMIXING 
SECTION 

312 

EXPERIMENTAL APPARATUS 

Fig. 1.. Two-dimensions 1 combustor test section 
(dimensions in mm). (XBL 794-9131) 
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Fig. 2. The power spectrum of the axial velocity 
measured by hot wire (Uo = 13.2 m/s, x = 0 mm, 
y = 12.5 mm, Rh = 2.2 x 104). (XBL 802-8229) 

PLANNED ACTIVITIES FOR 1980 

We are actively installing a new 2 stream test 
facility (Fig. 4). With this facility we will con
tinue our studies of combustion on the free shear 
layer. This facility will enable us to examine many 
more flow configurations than is now possible. 
The facility has the capability of varying the pres
sure gradient along the flow axes. Hence the influ
ence of the apparatus can be reduced. We also have 
visual access in both the horizontal and vertical 
planes which will allow studies of the three dimen
sionality of this flow. 
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J. W. Daily, N. A. AI-Shamma, C. Chan, and M. Azzazy 

INTRODUCTION 

The problem of turbulent flows involving chemi
cal reactions is important from both the theoretical 
and applied aspects. Turbulent motion is often re
sponsible for bringing reactants together so that a 
reaction can occur within a finite time, and it is 
also responsible for dispersing the products of "re
action. Of prime interest for statistical theories 
are the first and second statistical moments of the 
different variables (velocity, temperature, species, 
concentrations, etc.). A probability distribution 
function (pdf) of products' mass fraction can be 
introduced as a tool for obtaining the different 
statistical moments. Using the pdf of product 
concentration is more general than time or space 
averaging which can be used only in the case of 
stationary or homogeneous turbulence. The shape 
of this pdf in a turbulent premixed flame is 
affected by the degree of turbulence, i.e., 
turbulence intensity and Kolmogorov length scale. 
Also in premixed flames the pdf will serve as a 
closure assumption for the mean reaction rate. 

ACCOHPLISHMENTS DURING 1979 

He have been studying the limit of the thin 
combustion zone in large-scale structure and the 
same order of turbulence intensity and laminar flame 
speed. He are using the Laser Induced Fluorescence 
Spectroscopy (LIFS) techniques for measuring the 
pdf of product concentration. The method of LIFS 
is a promising diagnostic technique for turbulent 
flow measurements because of its high-frequency 

IN 

response. It is several orders of magnitude faster 
than all turbulence time scales, and it does not 
interfere with the flow pattern. 

Preliminary results of pdf measurements in 
turbulent flames stabilized on a rod above a flat 
flame burner have already been reported by Daily 
and Chan. A new burner system has been designed 
specifically to study turbulent flows. The flame 
is stabilized on a rod at 3.5 em above the nozzle 
rim, and turbulence is created by a turbulent 
screen placed at the nozzle rim. All the previous 
measurements of the pdf were based on measuring 
the pdf of temperature through a series of thermo-· 
couples and assuming the flow to be adiabatic and 
to have unity Lewis number. 

PLANNED ACTIVITIES FOR 1980 

The effort in the next year will be directed 
tmvards obtaining reliable data for the shape of 
the pdf of product concentration at different points 
normal to the flame front using the LIFS technique. 
A model equation for the pdf of product concentra
tion will be derived. This model. equation will. be 
solved simultaneously cvith the governing equations. 

FOOTNOTE 

*This work was supported by the Air Force Office 
of Scientific Research through the Engineering 
Office of Research Services, UnLversity of 
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J. W. Daily and R. G. Joklik 

In the study of combustion in a turbulent-free 
shear layer, it is of interest to measure the tem
perature distribution in the flow as well as its 
variation with time. This requires a temperature
measurement technique that has spatial and temporal 
resolution on the order of the size and time dura
tion of the structures found in the shear layer, 
and in addition, one that does not disturb the flmv. 
The T\v-o-Line Fluorescence ( TLF) temperature measure
ment technique is ideal for use with combusting 
flows in that it is capable of attaining the neces
sary spatial. resolution and sampling frequency, 
and since it is an optical technique, it is non
disturbing" 

TLF temperature measurement involves seeding 
the flow to be studied with metal atoms whose sec
ond excited state is at a substantially higher ener-· 
gy level than the ground and first excited states. 
The seed is then pumped sequentially at the two 
wavelengths required to excite transitions from the 
lower t'vo levels to the higher one. At the same 
time, the nonresonant fluorescence is measured. The 
ratio of the two fluorescent signals so obtained can 
be used to ca leu late the temperature. 

The advantage of TLF over other optical tech
niques is that it eliminates the effect of quenching 
on the measured temperature. S:i nee the extent of 
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quenching is difficult to determine in combustion, 
this becomes an important characteristic of TLF. 
In addition, the measured signal is at a wavelength 
different from the pumping wavelength, thus elminat
ing interference effects caused by scattering of the 
incident light. 

INA 

FOOTNOTE 

*This work was supported by the National Aeronautics 
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Office of Research Services, University of 
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FLOW* 
A. R. Ganji, R. F. Sawyer, and L. J. Parker 1 

INTRODUCTION 

Lean premixed prevaporized combustion in air
craft gas turbine engines is one possible approach 
to the reduction of oxides of nitrogen and particu
late emissions at higher power and cruise modes of 
operation, and the reduction of unburned hydrocar
bons and carbon monoxide emissions at the idle mode 
of operation. Lower emission levels of oxides of 
nitrogen are due to a lower peak combustion tempera
ture compared to the peak temperature in the nearly 
stoichiometric primary zones of present gas turbine 
combustors. Reduction of particulates, carbon mon-· 
oxide, and hydrocarbons is due to the prevaporization 

a. Velocity 9.1 m/sec, r~Re 

b. Velocity 13.3 m/sec, NRe 

of the fuel, premixing of the fuel and air, and the 
more uniform combustion in the primary zone of the 
combustion chamber. These gains are unlikely to 
be obtained without the introduction of new or in
creased problems of stability, flashback and auto
ignition. 

Research was undertaken for the Lewis Research 
Center of the National Aeronautics and Space Adminis
tration to study the combustion characteristics of a 
two-dimensional flow of premixed propane/air. The 
part of the work described here was focused on opti
cal flow visualization with emphasis on the nature 
of the vortices which dominate the shear zone behind 

5900 em -l cp "' 0. 60 

8600 em -l 0.60. 

c. - l 
Velocity 22.2 m/sec, NRe = 14400 em , ', "'0.58. 

Fig. 1. Spark shadowgraphs of the flame behind the step for different velocities. (XBB 801-764) 
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Fig. 2. Eddy trajectories for a flame stabilized behind a step. 
NRe ~ 8800 cm-1, ~'> "0.57, T0 ~ 295K. 

V0 = 13.6 m/sec, 
(XBL 802-8016) 

a rearward facing step, determination of the stabil
ity limits for combustion, and mapping of the time
average temperature, velocity, and composition in 
the reaction zone. 

. ACCOMPLISHMENTS DURING 1979 

This work was cone Iuded during 1979 with the 
following major results. Spark shadowgraphs, Fig. 
1, showed that for a range of entrance velocities of 
7.5 to 22.5 m/sec and equivalence ratios of 0.4 to 
0. 7, the mixing layer is dominated by Brown-Roshko 
type large coherent structures in both reacting and 
non-reacting flows. High-speed schlieren movies 
showed that these eddies were convected downstream 
and increased their size and spacing through combus
tion and coalescence with neighboring eddies. Trac
ing individual eddies in the reacting shear layer 
revealed that, on the average, eddies accelerate as 
they move downstream with the highest acceleration 
close to the origin of the shear layer (Fig. 2). 

Schlieren movies of the flame in the transition 
to flashback show a gradual 1 ift of the flame from 
the edge of the stabilizer, and propagation of the 
flame into the region upstream of the step. In the 
flashback mode, the flame front is periodically 
lifted from the edge of the holder and propagates 
into the premixing section. Stability limits for 
both blowout and flashback are shown in Fig. 3. 

Space~,reso lved ( time~averaged) compos it ion 
measurements of CO, COz, NO, NOx, and total hydro
carbons inside the combustor showed that CO, NOz, 
and NO were nearly constant in the recirculation 
zone and that the combustion efficiency was greater 
than 99% in this same reg ion. The oxides of nitro
gen in the recirculation zone \vere almost entirely 
NO while those in the cooler regions of the mixing 
layer were up to 80% N02. 

A mod Hied laser sch 1ieren and fast Fourier 
transform analysis system \vas developed and applied 
to the study of vortex frequencies in this combustor. 

This system was sensitive to the passage of vortex 
structures and provided a convenient method of 
collecting power spectra which are characteristic 
of the processes triggering the vortex shedding, 
Fig. 4 • 
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Fig, 4. Comparison of frequency spectra at differ
ent vertical locations, reacting flow, ¢ = 0,60, 
V = 13 m/s, T0 = 290K, n = 256. (XBL 802-8009) 

6-38 

PLANNED ACTIVITIES FOR 1980 

This research has been concluded, 
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NUMERICAL MODELING OF TURBULENT COMBUSTION* 
A Ghoniem, A. J. Chorin/ and A. K. Oppenheim 

INTRODUCTION 

Traditionally, turbulent flow has been treated 
as a stochastic process, Recently significant prog
gress has been made in the development of a deter
ministic theory of turbulence, as revealed in the 
famous Hugh Dryden Lecture by Roshko,l The experi
mental insight into large-scale flow structure, the 
so-called "coherent" turbulence, has been accom
panied by advances in numerical modeling, in parti
cular the random vortex method,2 capable of provid
ing rational interpretation for these phenomena. 

Our current work is concerned with the applica
tion of this novel method of approach to turbulent 
combustion, For this purpose, the vortex technique 
had to be augmented by an interface advection algo
rithm which keeps track of the flame front trajec
tory3 and of a volume source algorithm to incorpor
ate the fluid mechanic effects of energy deposition 
due to the heat of combustion. 

The problem we adopted for our study pertains 
to the essential means used in most practical sys
tems for the stabilization of turbulent combustion, 
the recirculation zone behind a bluff body. To 
elucidate the phenomenological features of such 
systems, a combustion tunnel specially designed 

for this purpose has been built in our laboratory, 
Some of the experimental results obtained thereby 
have been reported last year.4,5 

The basic feature of bluff-body stabilization 
is realized in the experimental apparatus by the 
turbulent flow behind a step. A sequence of cine
matographic schlieren records of the flow field in 
a recirculation zone created behind the step is 
reproduced here as Fig. 1. The large-scale vortex 
structure of the flow field, referred to in the 
literature as 'coherent turbulence' is clearly 
visible on the photograph, while the flame front 
is recorded by dark streaks, the loci of maximum 
gradient in refractive index reflecting the rapid 
change in density and temperature due to combustion. 

ACCOMPLISHMENTS DURING 1979 

The numerical analysis we developed is based 
on the following idealizations: 

L the flow is two-dimensional, i.e. strictly 
planar; 

2. the flowing substance consists only of 
two incompressible media; 

3, the flame is treated as an interface 
-between the two media, propagating locally 
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Fig, 1, Two sequential series of high-speed schlieren movie of a flame stabilized behind the step. 
V0 = 13.6 m/sec, Re 8800 cm-1, o ~ .57, T0 = 295K. (a) Normal formation and development of eddies 
in the mixing layer. Time interval between the frames is L 16 msec. (b) Coalescence of a sequence 
of eddies and process of intrusion into the recirculation zone. Time interval between the frames 
is 1. 22 msec. (Flow from right to left). (XBB 7912-16303) 

at a prescribed "laminar" velocity; 
4, the heat release due to combustion is mani

fested solely by an increase in specific 
volume associated with the transformation 
of one component medium into the other 
and taken into account by an appropriate 
array of potential volume sources to 
satisfy the continuity equation. 

Thus completely neglected are, respectively, 
the following physical phenomena: 

1. three-dimensional effects, in particular 
vortex stretching; 

2. compressibility effects, in particular 
acoustic wave interactions; 

3. chemical kinetic effects, in particular 
the flame structure as well as the in
fluence of the state and composition of 
reactants on its propagation velocity; 

4. thermal effects, in particular heat 
transfer. 

The numerical analysis is founded upon the 
kinematics of the velocity field, At each time 
step the velocity vee tor at any point is ca leu lated 
as a sum of three components: 

L that of the potential velocity field which 
assures the boundary conditions due to 

walls and solid bodies are satisfied; 
2. that produced by the vorticity field 

governed by the vortex transport equation 
and satisfying the no-slip boundary con
ditions at the walls; 

3. that generated by the volumetric expansion 
satisfying the law of conservation of mass. 

By virtue of the random walk sampling procedure 
incorporated into the computational technique as 
its most prominent feature, the results satisfy the 
Navier-Stokes equations. 

Our study should elucidate the essential fluid 
mechanic features of turbulent combustion, such as 
the effect of velocity fluctuations on viscous 
stresses and on the structure shear layers when 
significant changes in specific volume due to heat 
release take place. We hope that with this tech
nique we will be able to clarify the exact mechan
ism whereby the heat release due to combustion 
exerts an influence on the flow of the reacting 
fluid, and vice versa. 

As an example of the results we have obtained 
in the course of our preliminary effort, Fig. 2 
shows a sequence of computer graphs depicting the 
generation of the turbulent flow field behind a 
step in the absence of combustion. Each graph dis
plays the flow velocity vector field at a given 
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Fig. 2. Two sequential series of computer graphs displaying vortex velocity fields in turbulent 
flow behind a step at inlet Re = 104. (a) Development of the flow field at time intervals 
T ::: U0 t/H "" 5 \.Jhere U0 is the flow velocity at inlet and H is the width of the inlet channel 
(equal to the height of the step). (b) Growth of a large scale eddy at time intervals 
T = 1; frame 4 is the same in both sequences. (Flow from left to right) (XBL 7912-13714) 

time step, tracing the motion of vector "blobs," 
the elementary components of the flow field employed 
in the analysis. A velocity vector is usually 
represented as a line segment, providing information 
on its magnitude and direction; however, instead of 
being provided with the conventional arrowhead, it 
is attached to a small circle, denoting the location 
of the vortex "blob" to which it pert a ins. 

The model of the nonreactive flow we have thus 
obtained displays similar features of large scale 
structure as those of turbulent combustion presented 
in Fig. 1. 

PLANNED ACTIVITIES FOR 1980 

Our studies have just begun and the results 
are most prom~slng. We hope that we will be able 
to develop our technique further and apply it to 
a variety of practical combustion problems. Among 
our objectives are the following: 

l. analyze the flmv behind the step in the 
presence of combustion; 

2. develop proper methodology to display the 
results and extract from them information 
on stochastic properties of turbulent 
flow associated with combustion; 

3. expand the scope to other geometrical 
configurations, in particular planar jets 
and flows past a cylinder and across a 
grid; 

4. perform a parametric study for each geo
metrical configuration leading to the 
establishment of its optimum operating 
conditions; 

5. include transport processes, in particular 
convective heat transfer. 
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" " OF A FLAME WITH A KARMAN VORTEX STREET* 
I. Namer, A. G. Bill, Jr., 

INTRODUCTION 

One of the major shortcomings of models of 
turbulent flame propagation using the wrinkled 
laminar flame model of turbulent flames is the 
need to make assumptions about the geometry of the 
wrinkling. The importance of this assumption is 
noted by Karlovitz, 1 Scurlock and Grover ,2 and 
Peterson and Emmons.3 Calvin and Williams4 point 
out the importance of this assumption and propose 
a theory for the kinematics of the wrinkling. How
ever, they only consider the case of unity density 
ratio across the flame. 

\oJe are presently studying the f101v field of 
a flame in a Karm1m vortex street. This study 
began in 1977. The regularity of the vortex street 
enables us to use phase·-locked signal averaging. 
The velocity field is measured using laser Doppler 
anemometry (LDA) and the density field by Rayleigh 
scattering. The phase angle is determined by a 
reference hot wire fixed to the cylinder shedding 
the vortex street. These measurements will provide 
the data base from which the wrinkling of the flame 
can be mode led. Furthermore, turbulent flame speed 
correlations with scale and intensity as reported 
by Andrews et al. 5 may be appraised under more 
ideal conditions, i.e., flow with one length scale. 

ACCOMPU SHHENTS DURING 1979 

Data acquisition programs for a PDP 11/10 
computer have been completed. The programs involve 
automatically positioning the test section with 
compu ter·-·contro lled stepping motors and acquiring 
1000 measurements at one millisecond intervals from 
i:he re terence hot wire vo 1 tage and either the LDA 
tracker out put vo 1 tage or the Rayleigh seat tering 
intensity. These are acquired simultaneously on 2 
channels of a 12 bit A/D converter. The data are 
stored on disks and later transfered onto 7-track 
magnetic tape. Programs to calculate the mean 
and nus of the fluctuations as ,.,ell as to perform 
the ensemble averaging on the PDP 11/10 have also 
been writ ten. Page plots of the reduced data can 
he produced on line \vith the PDP ll/10. Programs 
to read the 7-track tape on the LBL CDC 7600 have 
also been written. 

The optica 1 system for the LDA and Rayleigh 
scattering are described by Namer et al. 6 and 

Robben, and L. Talbot 

Sche fer et al. 7 The flow system was described in 
the previous annual report. 

Measurements of the streaMvise ve loc it y com
ponent were made in the wake of a 2.0 mm and 3.0 
rom diameter wake generator. Profiles through a 
C2H4-air flame in the wake of a 2.0 rom diameter 
rod were also acquired. Preliminary analysis of 
this data on the PDP 11/lO indicate that the algo
rithms for ensemble averaging are capable of repro
ducing the complete flow field as a function of 
time. Figure 1 shows a velocity profile across 
the flame in a vortex street. 

When making preliminary LDA measurements 1ve 

found that the most efficient procedure was to 
have a particle rate greater than 5000/sec in order 
to treat the LDA tracker output as a continuous 
signal. Thus the individual particle arrival times 
do not have to be monitored. We found that since 
arrival times 1vere Poisson-distributed, there were 
significantly long periods of time in which no 
particles were recorded at particle rates less !:han 
5000/sec. This is illustrated in Fig. 2. 

PLANNED ACTIVITIES FOR 1980 

The velocity data already taken will be ana
lyzed on the Lawrence Berkeley Laboratory CDC 7600 
computer. The ensemble averaged results will be 
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Fig. 1. Velocity pro file across the flame in a 
vortex streeto (XBL 802-8011) 
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500 PARTICLES/SEC. 2000 PARTICLES/SEC. 

5000 PARTICLES/SEC. 10,000 PARTICLES/SEC. 

Fig. 2. Comparison of LDV output (upper trace) 
at four particle rates, in the wake of 
Y/D ~ 1.0, Sweep~ 50 msec/div. 

with hot wire (lower trace) 
a rod. D ~ 3 MI1. , X ~ 20. 0 t1M, 

(XBB 801-765) 

used to construct contour plots of velocity at a 
given phase angle. Phase-locked Rayleigh scatter
ing measurement will be made through the flame. 
Contours of constant density will show the geometry 
of flame wrinkling. Measurements of the cross
stream velocity component will enable us to con
struct the streamlines as a function of time. 
Furthermore, we wi 11 be working closely with Dr. 
A. Char in and Dr. I. Karas a lo who wi 11 at tempt to 
model this experiment as an inviscid flow. Their 
model represents the flame as a line source of 
specific volume to account for the decrease in 
density across the flame. A further modification 
of Chorin8 is the use of the Markstein parameter 
to modify the loca 1 laminar flame speed in order 
to account for the two dimensional heat and mass 
transfer in a wrinkled flame. 
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IN A HEATED 
L. Talbot, R. K. Cheng, R. W. Schefer, and F. Robben 

The use of laser Doppler velocimetry (LDV) for 
the measurement of mean and fluctuating velocity 
components in reacting turbulent flows requires the 
introduction of "seed" particles to act as light 
scatterers. In accurate LDV measurements, the seed 
particles must follow the fluid motion faithfully. 
Among the many forces \vhich might act on a small 
particle and cause its motion to depart from that 
of the fluid is the thermophoretic force, which 
arises when a temperature gradient exists in the 
gas, and which causes motion of the par Sic le in the 
direction negative to the direction of VT. It is 
a rarefaction effect, which depends on the Knudsen 
number, A/R, where A is the mean free path and R, 
the particle radius. A common example of the phe
nomenon is the blackening of the glass globe of a 
kerosene lantern; the temperature gradient estab
lished between the flame and the globe drives the 
soot particles produced in the combustion process 
towards the globe, •.Jhere they deposit. 

We encountered the thermophoresis phenomenon 
in connection with the measurement of the velocity 
distribution within a boundary layer adjacent to 
a heated plate, where catalytically supported com
bustion was being investigated. It was observed 
that vmen the plate was heated, the seed partie les 
introduced for the LDV measurements were driven 
away from the wa 11, and the inner half of the bound
ary layer was essentially particle-free. Although 
this limited the region within the boundary layer 
where velocity measurements could be made, it at 
the same time provided an opportunity for estimating 
the magnitude of the thermophoretic force, and for 
assessing the accuracy of the different theories 
which have been developed to predict this force. 

A computer program was developed to calculate 
the trajectories of particles entering the boundary 
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layer, using the various theoretical expressions for 
the thermophoretic force. It was found that for 
low values of the Knudsen number, A/R :::; 0.1, the 
boundary of the particle-free region agreed best 
with the particle trajectory calculated according 
to the Brockl analysis, when revised to incorporate 
the most accurate values currently available for 
the thermal slip, momentum transfer and temperature
jump surface interaction coefficients. 

The existing theories are applicable only for 
the two limiting conditions A/R ;S 0.1 and A/R -+ oo • 

To find an expression for the thermophoretic force 
that would be applicable over the entire range 
0 .;;; \/R .;;; co, the experimental data available in the 
literature were examined, and a fitting formula was 
devised which is in satisfactory agreement with most 
of these data and which coincides \vith theoretical 
predictions in the two limits A/R -+ 0 and A/R -+ oo, 

The details of this investigation are given 
in Ref. 2. 
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POLYMER COMBUSTION* 
W. J. Pitz, R. F. Sawyer, and N. J. Brown 

INTRODUCTION 

The use of polymeric materials is increasing, 
in part, because of their energy conservation poten
tial. These savings result from weight reduction 
(primarily in transportation applications) or en
hanced thermal insulation properties (primarily in 
building applications). Unfortunately, these sav
ings are sometimes accompanied by an increased fire 
risk. Research has been conducted to assess the 
flammability of polymers and to understand the 
physical and chemical characteristics which control 
flammability. Both experimental and theoretical 
studies have been undertaken which focus on an 
opposed-flow diffusion flame in which the quasi
steady combustion of polymers has been examined. 

Earlier studies upon the steady-state combus
tion of polymers yielded data on burning rates, 
mass transfer numbers, and thermophysical polymer 
properties under burning conditions. More recent 
studies of combustion near and at the extinction 
limits have been conducted to yield information 
on flame inhibition. This work involves the deter
mination of the chemical structure of the flame, 
extinction parameters (primarily oxidizer composi
tion and flow rate at extinction), and the effect 
of chemical inhibitors upon the structure and ex
tinction parameters. 

ACCOMPLISHMENTS DURING 1979 

Techniques were developed for measurement of 
composition profiles under burning conditions near 
extinction. Samples were extracted by a quartz 
microprobe and analyzed by gas chromatography. 

A typical composition profile is shown in 
Fig. 1. The luminous flame zone coincides approxi
mately with the peak in carbon dioxide and water 
concentration, as expected. The thickness of the 
reaction zone is not consistent with the normally 
applied assumption of a "collapsed flame zone" 
which is often used to model laminar diffusion 
flames. OJCygen penetration of the flame zone is 
also observed, but estimates of the flux of oxygen 
reaching the polymer surface suggest that energy 
release through surface oxidation is not a major 
contributor to fue 1 pyrolysis. 

Similarity of the composition profiles in the 
-cadial direction is predicted for stagnation point 
flow. Composition measurements at different radial 
locations verified that this 1~as indeed the case 
for this experimental configuration. As extinction 
conditions are approached through the reduction of 
the oxygen concentration, the flame expands in the 
axial direction and flame stand-off distance in
creases. This is consistent with the requirement 
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that the pyrolyzed polymer must diffuse further 
into the oxidizer flow before sufficient oxygen is 
encountered for complete reaction. 

PLANNED ACTIVITIES FOR 1980 

Extinction measurements will be completed for 
high-purity polyethylene, polyethylene doped with 
inhibitor, and oxidizer doped with inhibitor. Com
putation studies of the opposed flow configuration 
with finite reaction rates 1vill be completed to pro
vide a qualitative comparison of experimental and 
model flame structure and extinction characteristics. 
Final reporting of the research will be accomplished 
and this research will then be concluded. 

AXIAL DISTANCE FROM SURFACE(mm) 

Fig. 1. Composition profiles for a high oxygen 
c<;>ncentration in the oxidizer flow (Xoz ~ 0.253, 
rx ~ 0.31). (XBL 798-6731) 
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FRACTIONS DIFFUSION FLAMES* 
P. J. Pagni and S. Bard 

INTRODUCTION 

Flame radiation, the dominant heat-transfer 
mechanism in full-·scale fires, is in turn controlled 
primarily by the fraction of the flame volume 
occupied by solid carhon.l--3 Particulate volume 
fractions, fv, are measured in in small scale, 
o(lo em)' buoyant diffusion flame pool fires 
supported in air by solid polystyrene, PMMA and POM, 
cellular polystyrene; two cellular polyurethanes 
and liquid isooctane, acetone and alcohol. Two 
measurement techniques, based on attenuation of 
known monochromatic laser radiation by the flame, 
are described. In the small-partie le absorption 
limit, valid in the visible for POM, acetone and 
alcoho 1, transmittance at a single wave length 
suffices to determine fv. For the remaining fuels, 
scattering becomes significant and multiwavelength 
transmittance measurements are used to determine 
an approximate two-parameter particle radii distri-

bution, N(r) ~ N (27r 3/zr4 ) exp(-3r/r ) where 
o max max 

rmax is the most probable radius and N0 is the 
particle concentration. The resulting fv = 18.6 

N r 3 may be used to calculate the infrared 
o max 

emission from solid carbon in the flames considered. 
Volume fractions rank in the expected order of 
flame luminosity and smoldness from polystyrene, 
fv ~ 5 x 10-6, to alcohol, fv ~ 10-7, Within the 
approximations of flame homogeneity, spherical 
particles, known optical properties4-7 and assumed 
form for the size distribution, the fv data are 
from ±5% to ±15% accurate. Good agreement exists 
xvith fv of solid polystyrene and PMMA derived 
independently from in fra·red flame transmittance 
and radiance data8 and between experimental mass 
pyro lysing rates and calculated rates obtained 

these results in a radiation model. 9 

ACCOMPLISHMENTS DURING 1979 

Some of this work has been published. I During 
the current period, reducing uncertainties in the 
fv and size data and in the soot optical properties 
consumed the major effort. The apparatus was modi
fied so that the two laser wavelengths in the soot 
size distribution determining technique occupy 
the same physical path. This has two advantages 
with regard to uncertainties: (1) the most probable 
particle size may be found without measuring the 
distance traversed by the laser beams through the 

flame; and (2) the variation of fv along the beam 
path and with location within the flame became 
unimportant. In addition, an on-line computer 
has been incorporated in the apparatus for data 
storage and reduction and a video-tape system has 
replaced 8 mm cinematography to record flame size 
and shape. These improvements are now being 
utilized to obtain additional data on a w·[cle 
variety of fuels. 

The soot optical properties of Dalzell and 
Sarofim4 were previously used to obtain soot volume 
fractions from ex tine tion data. However, recent 
work5-7 suggests that those values may have under
estimated the index of refraction for flame soot 
due primarily to voids within compressed soot 
samples, The average value in the visible, m ~ 
1.56-0.57i used in Ref. 1, based on Ref. 4, has 
now been replaced with m ~ L93-0.53i, based on 
Refs. 5-7. Table 1 lists soot volume fractions 
and size distributions obtained from extinction 
measurements using these new optical properties. 

PLANNED ACTIVITIES FOR 1980 

Measurements of the soot volume fraction 
variation with location in a given flame and with 
the size of the fuel sample supporting these buoyant 
pool fire diffusion flames will be made. Most . 
of the effort aimed at measuring fv fields 1vill 
be redirected to buoyant and forced flow boundary 
layer flames. Flames in boundary layers are much 
better defined than pool fires and have received 
considerable analytic attention in the recent 
literature.lO Th~ necessary apparatus to conduct 
these studies under a variety of flow rates and 
ambient oxygen concentrations already exists in 
the UCB Fire Research Laboratory. In addition, 
analyses of radiating-combusting boundary layers 
are now under development here to complement the 
experiments and utilize the soot volume fraction 
spatial distribution data as soon as it is available. 
It will be of special interest to determine the 
differences be tween the boundary layer diffusion 
flame soot volume fraction and the pool fire soot 
volume fraction for the same fuel and ambience. 
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Table 1. Experimental flame soot volume fractions and size distributions 

Absorption 
Limit 

~ fv x 106 

SoudJ> 

Polystyrene 7.3 

(c8H8)n 

Polypropylene 0.44 

(C3H6)n 

Po lymethylmethacryl ate 0.49 

(C 5H802)n, PMMA 

FoarM 

Polystyrene, GM-48 7.5 

(CgHs)n 

Polyurethane, Mattress 1.2 

(c3.2H5.3°No.23)n 

UquA..d~.> 

Iso Octane 1.0 

(C8Hl8) 

Acetone 0.23 
( c3H60) 

A 1 coho 1 0.14 
(C 2H60) 
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rmax(Jlm) (em -3) fv x 106 
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0.047 0.24 0.46 

0.23 
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C. M. Kinoshita and P. J. Pagni 

INTRODUCTION 

One important measure of material fire hazard 
is the flame height a given polymer produces upon 
burning in a specified ambience.l,2 Six systems 
are considered here--two fuel geometries: wall
mounted and free standing; and three flow fields: 
forced, free, and mixed-mode.3 In each case, the 
extent of the combusting gas downstream of a pryo
lyzing slab is obtained as a function of the fuel's 
thermochemical properties. The flow is modeled as 
a steady, laminar, t\vo-dimensional, nonradiative 
boundary layer. The combustion is described by a 
single Shvab-Zeldovich energy-species equation 
assuming unit Lewis number and a fast one-step 
overall gas-phase reaction. Numerical methods are 
employed due to the abrupt change in boundary con
ditions at the end of the pyrolyzing slab. However, 
an approximate similarity solution is found for 
forced flow which yields explicit flame heights. 
Based on these results, explicit functional fits 
to numerical flame heights are obtained for free 
and mixed-mode flows. Comparisons between theory 
and experiment indicate quantitative agreement. 

ACCOMPLISHMENTS DURING 1979 

Subject to the restrictive assumptions listed 
above, the following set of explicit expressions 
summarizes the flame height modeling results. The 
notation is defined below. 

Forced Flow: 

* X r:3 0.14 
fl wa 11-wake [

(l+r) (l+B) 1n (l+B~2 
r BL 15 J (1) 

* * -0.2 
Xfl wake/Xfl wall-wake~ 0 · 72 Pr 

within 20% of numerical results for 0.5 < Pr < 2.0, 
0. 5 < B < 5. 0 and 0. 1 < r < 0. 5 • 

Free Flow: 

* X "" 0.24 fl wa 11-p lume [~ 1.16 
r 

x* ;x* ~ o 9 
fl plume fl wall-plume • 

Cl+B) 

Bl.06 
1

1.33 
ln(l+B) 

Dc 0.03 (2) 

within 20% of numerical results for Pr ~ 0.73, 
0. 5 < B < 5. 0, 0. l < r < 0. 5 and 2. 0 < De < 60, 

Mixed Flow: 

* * xn 
(l ~ 

* 
• 2) xfl forced 1:,0.2 

* 
+ 

£ < l .0 

xfl free xfl free 
(3) 

* 
~ 1.0, E,£ Gr£/Rei? LO 

xfl free 

within 20% of numerical results for both wall and 
free-standing geometries with Pr "' 0. 73, 0.5 < B < 
5.0, 0.1 < r < LO and 2.0 <De< 60. Equations 
(1) and (2) give the following flame heights for 
Products Research Committee Sample Bank Materials 
using property data from Tewarson. 

From these detailed combusting boundary layer 
analyses of six systems (wall-wake, wake, wall
plume, plume, mixed-mode wall-wake and mixed-mode 
\vake), emphasizing the constancy of the flux of the 
Shva b-Ze ldovich energy-species variable J in the 
extended flame region, the following cone lusions 
are drawn: 

1. For forced flmv, X~1 (r,B,Pr) and is 
independe~t of Re£: Explicit exp~essions ?re ~re
sented wh1ch quaEt1fy the strong 1.ncrease 1.n Xfl 
as r decreases and the moderate increase in 
x!1 as B increases. The Pr dependence is very 
weak. Good agreement with experiment is obtained. 

2. For free flow, xh(r,B,Pr,Dc) and is 
independent of Gr£• Explicit fits to numerical 
results are given which quantify the r and B de
pendence as in forced flow. The dependence on 
De and Pr is weak. Free flow flames are generally 
shorter than forced flow flames for the same fuel 
and ambience. Reasonable agreement with experi
ment is obtained. 

3. For mixed-mode flow, xhCr,B,Pr,Dc,E,Q) 
with the forced and free limits approached at 
E,£ < lo-2 and E,£ > 1 respectively. The mixed-mode 
case appears to be a simple superposition of forced 
and free flow. 

4. Wa 11-mounted flames are longer than free
standing flames for the same fuel and ambience. 
This difference depends on flow type and Pr, i.e., 
\va 11 -wake flames are ~ 30 percent longer than wake 
flames; wall-plume flames are ~10 percent longer 
than plume flames. 

More experimental results for comparison would 
be valuable. We hope that flame-height measurement 
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Table 1. Predicted flame heights based on ideal material properties. 

Formula(b) 6Hc (b,c) Op T (c) L (c) 
w D Material (a) 

(Type) (kJ/gm) (kJ/gm o2) (°K) (kJ/gm) 
c wall 

plume 
wall 
wake 

Polystyrene C8 H8 .4 00.03 
(Foam, GM-49) 

Po 1 ys tyrene 
(Foam, GM-53) c8 H8. 4 OO.lO 

Polystyrene 
(Foam, GM-51) c8 HB.l 00. 17 

Polypropylene C3 H6 (Granular) 

Polystyrene c8 H8 (Granular) 

Polystyrene c8 H8. 1 (Foam, GM-47) 

Polyurethane c3. l H5. 4 ON0.22 
(Foam, GM-25) 

Polyrnethyl- c5 H8 02 methacrylate 
(Granular) 

Polyurethane c3. 9 H6. 1 ONO.lB 
(Foam, GM-21) 

Polyurethane c3. 3 H5.7 ON0.26 
(Foam, GM-27) 

Polyurethane c2. 8 Hs.O ONO.l6 
(Foam, GM-23) 

Polyurethane c4. 4 H5.l ON0.42 
(Foam, GM-29) 

Polyurethane c4. 6 H5. 4 ON0.44 
(Foam, GM-31) 

Polyurethane c5.l H6. 4 ON0.41 
(Foam, Gf1-37) 

Po1yisocyanurate c5. 3 H5. 2 ON0.57 
(Foam, GM-4'1) 

Polyoxymethy1ene C H2o 
(Granular) 

Po 1yi socynurate 
(Foam, GM-43) c5.0 H4.7 ON0.54 

Cellulose c6 H10 05 (Whatrnan Filter 
Paper) 

0. 33 

o. 33 

0. 34 

0. 29 

0. 33 

0. 32 

0.46 

0. 52 

0.44 

0.45 

0.48 

0.45 

0.44 

0. 42 

0.43 

0. 94 

0.44 

0.84 

38 

38 

36 

43 

39 

38 

25 

25 

26 

23 

27 

26 

25 

28 

26 

15 

22 

17 

12 

12 

12 

13 

13 

12 

11 

13 

12 

11 

13 

12 

11 

12 

11 

14 

10 

14 

750 

780 

760 

770 

850 

830 

850 

750 

730 

850 

790 

770 

830 

840 

BOO 

740 

800 

650 

1.3 1.7 0.6 0.12 4.8 11 24 

1.3 1.7 0.6 0.13 4.5 11 23 

1.4 1.5 0.6 0.13 4.6 10 21 

2.0 1.1 0.5 0.13 4.7 9.4 19 

1.7 1.3 0.5 0.14 4.1 9.3 18 

1. 9 1.1 o. 5 0.15 4.1 7.9 15 

1.2 1.5 0.6 0.19 3.6 6.5 11 

1.6 1.5 0.6 0.22 5.1 5.2 8.9 

2.0 1.1 0. 5 0.22 4. 7 4.9 8.4 

1.9 0.9 0.4 0.25 3.4 4.0 6.6 

2.7 0.9 0.4 0.27 4.7 3.5 5.7 

3.1 0.7 0.3 0.31 4.3 2.9 4.6 

3.1 0.6 0.3 0. 33 3. 7 2. 6 4. 1 

4.5 0.5 0.2 0.40 3.8 2.0 3.0 

4.5 0.4 0.2 0.43 4.0 1.8 2.8 

2.4 1.1 o. 4 0.50 5.8 1.8 2.4 

4.5 0.4 0.2 0.55 3.5 1.4 2.0 

3.5 0.8 0.3 0.60 6.9 1. 4 1. 8 

aHere Y 0.23, T = 293K, c = 1.3 J/gmK, s = vfWf/v vi (assuming complete combustion of the specified oxoo ro p OX OX 

fonnula), QP = 1\Hc s, h,
1 

= cp{Tw-T
00

), B = (Qp Y
0

xoo- h
1
)/L, Yf

1
•
1 

= (B Yft- s Yoxoo)/(1 +B), r = s Y
0
xjYf

11
, and 

De= QP Y
0
xjhw. The Gl~ designation refers to the Products Research Committee Material Sample Bank available 

through the National Bureau of Standards. f1aterials are listed in order of increasing rand therefore of 
decreas·ing flame height. 

bA. Tev;arson, and R. F. Pion, "A laboratory-scale test method for the measurement of flammability parameters", 
Technical Report 22524, FI~RC, Non10od, t~A. (October 1977). 

cA. Tev1arson, "Experimental evaluation of flammability parameters of polyrnetric materials", Technical Report 
22524, RC79-T9, FMRC, Non10od, MA. (February 1979). 

under controlled conditions wi 11 become one of the 
standard procedures for assessing material fire 
hazard. 

PLANNED ACTIVITIES for 1980 

To maximize future utility, these studies need 
to include flame radiation, external radiation, 
vitiated ambience, compartment geometry effects, 
and turbulence. The first step toward describing 
flame heights within compartments has been taken 
by considering the effects of nonsoffited ceiling 

on free and forced flames.4 Substantial increase 
in flame extension is predicted. Radiation due 
to combustion products and soot will be described 
in simple geometries during this grant period.S,6 
The full incorporation of the Equation of Transfer 
in combusting boundary-layer analyses 1vil1 also 
be a major effort. In add it ion, we plan to examine 
externally imposed radiation and varying Yoxoo as 
would be found in a soffitted compartment. Turbu
lence is the most difficult aspect of compartment 
fire modeling and as such will be delayed until 
the next grant period. Dr. Phillip Thomas from 



the Fire Research Station, Borehamwood, England 
will join us for one quarter in January 1980 as 
a Russell Severance Springer Visiting Professor 
of Mechanical Engineering to collaborate in this 
research and offer a short course on Compartment 
Fire Behavior. 

NOMENCLATURE 

B mass transfer number 

Cp specific heat 

D species diffusivity 

De dimensionless heat of combustion, QpYoxoolhw 

Grx Grashof number, g(Tw-T
00

)x3/v
00

2T
00 

g acceleration of gravity 

h specific enthalpy 

L effective latent heat of pryolysis 

~ fuel slab length 

M· L 

Pr 

molecular weight of specie i 

Prandtl number 

energy released by combustion per gram of 
02 consumed 

Rex Reynolds number, UooX/Voo 

r mass consumption number, Yoxro s/Yfw 

s 

T temperature 

u strearrnvise velocity 

v 

X 

X 

Y· L 

transverse velocity 

dimensionless streamwise coordinate, x/~ 

streamwi.se coordinate 

mass fraction of specie i 

heat of combustion per gram of fuel consumed 
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v kinematic viscosity or sto·ichiometric 
coefficient 

mixed convection number, Grx/Rex2 

SUBSCRIPTS 

f fuel 

H flame 

ox oxidizer 

t transferred gas 

w fuel surface 

co ambient 

SUPERSCRIPTS 

* measured from the downstream edge of the 
fuel slab 
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RADIATION* 
C. L. Tien and S. C. Lee 

INTRODUCTION 

Thermal radiation of luminous flames is becom
ing widely recognized as a critical factor in many 
physical and transport phenomena in fires. In 
flames as \ve 11 as smoke, both gaseous and particu
late matters emit, absorb and scatter thermal radia
tion in a significant fashion. In a broad sense, 
thermal radiation of flames and smoke constitutes 
an essential element in all practical fire problems 
such as fire detection, ignition, spread, plume 
convection and modeling. It assumes an even more 
prominent role in enclosure fires such as in urban 
housing because of the restricted high-temperature 
field and the interactions of flames and smoke with 
ceilings, floors and side walls. 

During the past few years, a research program 
on flame radiation has been carried out at the 
University of California at Berkeley and the 
Lawrence Berkeley Laboratory as one specific task 
in an interdisciplinary project of fire research. 
The overall goal of the flame radiation research 
is to establish a simple physical frame\vork for 
complex fire and smoke radiation calculations. 
The basic research approach is based on developing 
approximate formulations by systematically experi
menting and analyzing the fundamental aspects of 
the problem. 

Major research progress achieved in the past 
\vas concerned primarily with the physical and analy
tical basis of infrared radiation from flames. 
Specific findings include the developed methods of 
calculation for overlapping band radiation, non
homogeneous temperature and composition effect, 
continuum radiation of soot clouds, interaction 
between band and soot radiation, flame radiation 
to surrounding surface elements, effect of aniso
tropic scattering of particles on radiative trans
fer, and measurements of soot volumetric fraction 
for various flames. 

ACCOMPLISHMENTS DURING 1979 

Research during the past year was focused on 
the fol1owing three topics: 1) soot radiation and 
optica 1 constants, 2) radiation analysis for absorb
ing and scattering media, and 3) computation of en
closure convection and radiation. Research accomp
lishments made during the year are described below. 

Soot Radiation and Optical Constants 

The infrared radiation apparatus used previous
ly by Buckius and Tienl for flame radiation study 
has been extended and modified to allow more com
prehensive and accurate measurements. Major modifi
cations include a large test chamber (3' x 3.5' W x 
5' H nominal), additions of a visible-laser system, 
controlled ventilation, controlled oxidizer content 
of feed-in gas, and computerization of the data sys
tem. The new system is capable of providing data 
on emission, transmission and scattering character-
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istics of varlous kinds of flames under controlled 
environmental conditions. 

On the analytical side, a dispersion model for 
optical constants of soot in hydrocarbon flames has 
been developed in a more rigorous manner.2 The 
deduced dispersion constants are based on in situ 
flame transmission data in the visible andlnf~ared 
ranges, thus truly representing actual soot condi
tions in flames. It is shown that the soot opt ica 1 
properties are rather insensitive to temperature in 
the range of 1000 - l600K, and relatively independ
ent of the fuel H/C ratio. 

Radiation Analysis for Absorbing and Scattering 
Media 

Radiative heat transfer in flames and smokes 
can be modeled on the basis of dispersed particles 
acting as independent absorbers and scatterers in 
the gaseous medium. Simple, convenient represen
tation of the absorption field has recently been 
successfully made.3,4 The scattering field is 
given by the Mie solution and the phase function 
for each scatterer is often expressed in a series 
of Legendre polynomials, with the first few terms 
of the series characterizing isotropic scattering, 
linear anisotropic scattering, and Rayleigh scat
tering. The mean beam length formulation for Ray
leigh and linear anisotropic scattering in planar 
geometry has been established, and extensions to 
cylindrical and spherical geometries is being con
ducted at present. Resistance network representa
tion of an absorbing-scattering system has also 
been developed on the basis of the two-flux model, 
and the linear anisotropic scattering model.S 
Current effort is directed to further improvement 
in the modeling of anisotropic scattering and in the 
realistic computation of flame and smoke radiation. 

Computation of Enclosure Convection and Radiation 

Different computation schemes for enclosure 
convection (elliptic-type) have been examined care
fully with their respective strengths and limita
tions.6 Proposed refinements include more effective 
ways of handling boundary conditions? and the for
mulation of higher-order differencing schemes.8 
Progress has also been made in achieving simple 
approximate solution for radiation heat transfer in 
one-dimensional, non-planar geonietries9 and multi
dimensional geometries"lO Interaction between 
enclosure convection and radiation is currently 
being pursued. 
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EXPERIMENTS~ TOWARD A STANDARD ROOM 
R. B. Williamson and F. L. Fisher 

TEST* 

INTRODUCTION 

The object of this fire research project is to 
develop experimental methods which can be utilized 
for a standard room fire test. There is a growing 
trend to use full-scale room fire experiments for 
evaluation of the fire grmvth characteristics of 
materials and building systems. Yet, in spite of 
this, there is still no standard version of a room 
fire test. The exact details of a standard room 
fire test are presently being debated by working 
groups within the American Society of Testing and 
Materials (ASTM). Their place of departure is 
the ASTM E603-77 Guide for Room Fire Experimental 
which discusses the choices available for such 
parameters as compartment design, ignition source, 
instrumentation, test procedure, analysis of data 
and reporting of results. 

The purpose of a large-scale standard test 
\•JOuld be to evaluate the fire performance of materi
als under actual in-use situations. Tests at the 
Forest Products Laboratory2 to relate the 8-foot 
tunnel furnace to realistic fire situations, and 
more recently, Lee and Parker's research3 on the 
contribution of furnishing and lining materials to 
fire growth, have found that compartment or room
like experiments were necessary to predict realis
tically the behavior of a specimen when subjected 
to a pre-flashover fire environment. 

The two principal small-scale, or laboratory 
scale fire test methods for fire growth in the 
United States, ASTM E84 and El62, have simplistic 

data reduction schemes masking much of the true test 
specimen performance. In addition, many plastic 
specimens give little indication of how thev will 
behave under end-use conditions. Presently, a 
series of small-scale tests are being developed, 
but there is a need for full-scale test data to 
support the validity of these tests. 

It is the researchers' vie\v that a standard 
room fire test could be used as both a development 
tool and as a performance evaluation method until 
the series of smaller, less expensive tests have 
been verified. Even then, new materials and sys
tems would continue to require full scale test.ing 
to prove applicability of the small-scale tests. 

The experiments conducted :in connection with 
this research have been directed toward answering 
the following questions: . 

1. Can a room fire test be expected to be 
a repeatable, scientific experiment and 
supply information on which to base a pre
diction of the contribution of materials 
to fire growth? 

2. What details have to be fixed to insure 
a meaningful standard test and what values 
should be chosen for such important para
meters as the ignition source? 

3. What is the contribution of a thin cellu
losic material to fire growth under the 
standard test conditions? 
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(b) ELEVATION 

Fig. 1. The experimental compartment and vent 
system as shown in plan (a) and elevation (b), 

(XBL 802-8012) 

Eleven room fire experiments were conducted 
in a 2.44 m x 3.66 m x 2.44 m (8' x 12' x 8') test 
compartment shown in Fig. 1. The experiments had 
a variety of materials on all tvalls and ceilings: 

Wall 

C-162 Glass Fiber Insulation Glass Fiber Insulation 

C-162,171,172 Gypsum Wallboard Gypsum Wallboard 

C-164 Plywood Gypsum Wallboard 

C-169 Plywood Glass Fiber Insulation 

C-165 - 168 Glass Fiber Insulation Plywood 

C-170 Plywood Plywood 

The experimental conditions were chosen to be 
consistent with an earlier version of the standard 
room test method under consideration by ASTM in 
which a gas flow of 0.117 m3/min (419 ft3/min) of 
CH4 was specified. This is 50% of that in the 
current draft standard. Measurements were made of 
1) the oxygen depletion in the exhaust gases leaving 
the room, 2) the air'temperature at a number of 
locations, 3) the air flow and temperature at the 
doorway, and 4) heat fluxes at several locations. 

ACCOMPLISHMENTS DURING 1979 

The eleven separate experiments are su~~arized 
in Table 1, They fall into the following categories: 

1. Experiments C-162, 163, 171, and 172 are 
essentially calibration experiments in 
which the ignition source released the only 
significant energy within the compartment. 

2. Experiments C-164 and 169 are duplicate 
experiments; both had plywood on the walls. 
These two experiments are particularly 
interesting since they took approximately 
the same time to flashover (within 15 sec
onds) and thereby illustrate the repeata
bility of such experiments, 

3. Experiments C-165, 166, 167, and 168 prove 
that the plywood ceiling was not ignited 
unless the flame from the ignition source 
played directly on its surface, In experi
ment C-168, the ignition source was raised 
to enable the flames to reach the ceiling 
and the compartment reached flashover in 6 
minutes, 13 seconds. Typical measurements 
of air temperature 1" below the ceiling 
and heat flux as a function of time are 
shown for C-168 in Figs. 2 and 3 respec
tively. 

4. Experiment C-170 with plywood on both walls 
and ceilings proved to be the fastest and 
most intense fire, 
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o~~~~~~~~~~-r-T~--r-1~.--r-,~ 32 

5 10 15 

TIME, MINUTES 

Fig, 2. Average temperature 1" below ceiling for 
experiment C-168 ~qhich had exposed glass fiber 
insulation on the walls (except in the ignition 
corner which was covered with gypsum wallboard) 
and 6,4 mm 0/4") unfinished A-D plywood on 
ceiling, (XBL 802-8013) 
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Table 1. Summary of fire test. 

TEST MATERIAL DURATION OF STATES TIME TO EXTINGUISH I ~j NUMBER \'/ALL CEILING J K 

mi:n:sec min:sec 

C~l62 Glass Fiber Glass l''iber - -
Insulation Insulation 

C-163 Gypsum Gypsum 0:33 -
~\'allboard l'lallboard 

C-164 Plyv100d Gyps\un 0:45 0:51 
Wallboard 

C:-165 Glass Fiber Plywood - -
Insulation 

C-166 Glass Fiber* Plywood - -
Insulation I 

C··l67 Glass F~_ber* Plywood - -
Insulat1on 

C··l68 Glass Fiber* Plywood - 3:42** 
InsuJation 

C-169 Plywood Glass Fiber 0:30 0:50 
Insulation 

C-·170 Plywood Plywood 0:16 0:39 

C-171-2 Gypsum I Gypsum - -
Wallboard I \•/all board 

NOTES 

A - s,rface of burner is 12" above the floor, against the wall 

B •. Surface of burner is 12 11 above the floor, l" away from 
wall 

C - Surface of burner is 34" above floor, against the wall 

D ,~ No ignition of the plywood occurred 

~lC Hoist.ure content of pJy~;ood ilt tlme of test 

The results of these experiments have led the 
researchers to believe that it is indeed possible 
to evolve a standard room fire test which is a 
repeatable, scientific experiment able to supply 
the information allowing a prediction of the con
tribution of materials to fire growth, 

The observations reported by these eleven 
experiments should be considered in establishing 
the many details which have to be fixed in order 
to prevent undesirable scatter in the results of 
a standard test. Other items, such as criteria for 
and size of the ignition source, are more than mere 
details; they are major components of a standard 
test method. These experiments also contributed 
to a better understand of this major test method 
parameter, 

The ignition source used in this research 
proved to be a reliable, repeatable device, yet 
there are some problems in utilizing it in a stand
ard room fire test, It is the researchers' opinion 
that the flames should reach the ceiling from its 
standard location without the walls contributing 
to the flame spread. This is necessary if ceilings 
and walls are to be evaluated separately. 

the 

L 
FLASHOVER THlE I 

rnin:sec (J+K+L) I min:sec 

- - I 15:00 A 

- - 15:00 A 

2:09 3:45 4:42 B, !'1C ~ 6~16% 

- - 10:00 B, D 

~ - 1:00 B, D 

- - 10:00 A, D 

2:31 6:13 9:20 c, 

2:40 4:00 5:13 

I 
A, HC ~ 8ol3% 

1:56 2:51 4:10 A, MC ~ 10.71'\ 

- - 15:00 A,E 

I 

E - Calibration tests done with Gypsum Wallboard on the 
corner walls and ceiling. The remaining inside 
surface area of the compartment consisted of 
exposed glass fiber insulation. 

* - Gypsum Wallboard in corner on both walls behind 
ignition source 

** - Ignition of ceiling 

As mentioned above, the gas flow in these ex
periments was less than the draft standard currently 
under consideration by ASTM. Preliminary experi
ments show that if the gas flow is increased to the 
burner to achieve 1+2 Kcal/sec (104 Btu/min), the 
value under current consideration, the flames reach 
the ceiling. This is true for either methane or 
propane, The current ASTM draft standard specifies 
propane because it has higher radiation which more 
closely approximates some actual ignition sources. 
Measurements of the oxygen depletion of the fire 
in the compartment lead to the determination of 
the heat release rate shmvn in Fig. 4, which makes 
it apparent that the proposed increase in heat 
release rate of the ignition source would not have 
been excessive, Figure 4 shows that the specimen 
contribution increased from approximately 50 Kcal/ 
sec to approximately 200 Kcal/sec in the one minute 
following 6:13 when the flames emerged from the 
door. Because of the time delay in the measurement 
system, this increase probably occurred prior 
to the flames emerging from the door, and it 
illustrates that the increased heat release rate 
from the proposed ignition source is well below 
the heat release rate required for flashover. 
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Figo 3o Total heat flux to the center of the floor 
(location 4,6,0) and to the center of the ceiling 
(location 4,6,8) for experiment C-168o 
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The results of these eleven tests provide data 
on the contribution of a thin cellulosic material to 
fire growth under standard test conditionso This 
information will enable all parties involved in the 
consensus standard process to put the proposed test 
methods into perspectiveo Furthermore, it is also 
the researchers' view that the proposed standard 
room fire test will be utilized on materials con
tributing considerably less to fire growth than the 
thin cellulosic material used here, and that these 
11 experiments will become a benchmark for compari
son with other materialso For this purpose, a 
pass/fail criteria might be imposed based on the 
average ceiling temperature, time-to-flashover, 
heat flux at the floor, heat release rate or other 
data from the testso But considerable research, 
particularly with regards to a precise definition 
of flashover, needs to be undertaken before estab
lishing such criteriao 
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Figo 4o The heat release rate for experiment C-168 
is shown here as a function of time. 

(XBL 802-8015) 

PLANNED ACTIVITIES FOR 1980 

Further research in this area is noH being 
proposed to NBSo The emphasis Hill be on conducting 
experimental fire tests which conform exactly to the 
current standard room fire testo A series of test 
specimens Hill be fabricated Hhich are characterized 
by a range of flame spread classifications (FSC) as 
measured by ASTM E-84 and E-162o The emphasis in 
this research will be to provide a rational and 
scientific basis for the standard room fire testo 
Youden4 and Wernimont5 have written extensively 
about the procedures for developing new test meth
odso They discuss removing the effects of assign
able causes, searching for systematic causes of 
variation, optimizing measurement-property relation
ships and evaluating ruggednesso All of these 
procedures and the documentation of the sensitivity 
of the test method will be part of the proposed 
research programo 
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FOR FIRE PROTECTION OF PENETRATIONS"' 
R. B. Williamson and F. L. Fisher 

INTRODUCTION 

TI1e spread of fire in nuclear reactors depends 
critically on the barrier qualities of the cable 
penetrations of fire resistant walls and floor/ 
ceiling assemblies. The ASTM E-119 Fire Endurance 
Test Method has been used to qualify the unpene
trated walls and floor/ceiling assemblies, but if 
such assemblies contain cable penetrations special 
attention is required. This is the focus of this 
report. 

The actual fire conditions represented by the 
E-119 test method are termed "post-flashover" con
ditions in which fire fully involves a compartment. 
Post-flashover fires are characterized by a positive 
pressure differential between the upper half of the 
fire compartment and the unexposed face of the wa 11 
and floor/ceiling assemblies which make up its 
boundaries. The initial f>Ortion of this post
flashover period is also characterized by excess 
amounts of fuel which have been pyrolized by the 
fire v1ithin the compartment. The positive pressure 
and excess pyrolyzate are clearly proven by the 
flames which commonly are observed to emerge from 
the doors and windows of both actual and laboratory 
post-flashover building fires. 

The ASTM E·-119 Standard does not specify either 
the pressure differential or the presence of excess 
fuel at the surface of the test assembly. One of 
the objectives of this project in the first year has 
been to establish the effects of varying furnace 
pressure on cable penetrations performance in the 
ASTM E-l.19 fire tesL Another objective has been 

to investigate the modes of failure for these cable 
penetrations and to explore the possibility of new 
pass/fail criteria. 

ACCOMPLISHMENTS DURING 1979 

Twelve cable penetrations have been tested i.n 
two separate E-119 fire tests, and the effects of 
positive pressure and excess pyrolyzates have been 
clearly shown to play a vita 1 role in fire spread 
of the cable penetration openings. If there is a 
path through the penetration opening, flames alw~ys 
appear on the unexposed face when there is a posl
tive pressure differential and there are excess 
pyrolyzates in the furnace. A report is now 
(January 1980) being prepared which focuses on the 
nature of post-flashover fires and its implications 
on fire testing of cable penetrations. 

PIANNED ACTIVITIES FOR 1980 

A draft fire test standard for cable penetra
tions will be written and circulated to both the 
fire protection and nuclear engineering communities. 
Fire tests will be conducted pursuant to the draft 
standard, and their results will be utilized to 
improve the standard. 

FOOTNOTE 

*This research was supported by the U.S. Nuclear 
Regulatory Commission through Sandia Laboratories, 
Albuquerque, New Mexico. 
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