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Measurement Needs for Fire Safety:
Proceedings of an International Workshop

Thomas J. Ohlemiller, Erik L. Johnsson and Richard G. Gann
I. Introduction

At the twelfth meeting of the FORUM for International Cooperation in Fire Research, held in
Garston, England, the members agreed to convene a workshop focused on improving their
capabilities in science-based fire measurements. Such measurements are at the heart of what the
member organizations of the FORUM do. Whether they be inputs for fire models, fire
characterization parameters for model validation, material or product fire performance, each
requires careful quantification as a basis for further progress in this field.

The potential benefits of collaboration among members have long been recognized, but the
complexities of transferring funds across national boundaries have proven to be a hindrance.
Thus, with this Workshop, members agreed to seek an area of collaboration where each could
devote internal funds toward specific mutual goals in the area of fire measurements. The
Workshop was convened April 4-6, 2000 to review needs and establish common interests,
thereby to converge on one or more specific inter-laboratory projects. The attendees are listed in
Appendix A.

The conveners recognized that the subject of fire measurements covers a broad territory. Thus
experts from various laboratories were asked to summarize their views on the needs of specific
areas, including the capabilities and requirements of fire models (compartment and burning
object models) and the measurements implicit in product tests and in quantifying the internal
parameters of fires (heat flux, temperature, flow velocities and species concentrations).
Appendix B shows the Workshop program, including the names of the invited speakers.
Appendix C comprises copies of the visual aids from the invited presentations.

In the following pages, we have summarized the sense of the presentations in the various
sessions of the Workshop and also the range of ideas which arose in the discussions following
the presentations. Ultimately, the participants voted on the areas of primary interest for
collaboration. As discussed below, heat flux measurements emerged as the main candidate.

II. Session on Capabilities of Fire Models

Tokiyoshi Yamada presented a summary of input requirements of zone-type compartment fire
models and the measurement needs for model validation. Such models require initial conditions
(defining the building configuration and vertical temperature profiles) and boundary conditions
(wall thermal properties, the imposed heat release rate and species generation rates that mimic
the burning item of interest, natural and forced ventilation flows and, in some cases, exterior
wind or pressure conditions). From these inputs the models predict smoke layer height, average
layer temperature and average layer species concentrations, as well as static pressure differences



between the building exterior and interior. Dr. Yamada presented desired uncertainties in all of
these variables both for smoke filling modeling and smoke control design.

George Hadjisophocleous focused on fire models based on computational fluid dynamics. In
general, the input requirements for initial and boundary conditions are similar to those of zone
models but, if the information is available, may be more complete. For example, the complete
velocity distribution at a compartment air flow inlet is desirable. In principle, these models can
handle a complete computation of the test fire as well, but this is very difficult for real products
of interest. Also, product yields obtained in free burn conditions and used as model inputs may
not be correct in the reduced oxygen conditions of a large compartment fire. The model
solutions yield complete descriptions of the space and time distributions of such variables as
temperature, flow velocities and species concentrations. Because of the wealth of detail in the
model output, it can be difficult to determine the extent of detailed agreement with experiment,
especially if the overall character of a fire is captured but its exact behavior is not.

Vytenis Babrauskas addressed the issue of burning rate models for specific items to be found
within a compartment. He first addressed items for which some correlation or approximate
computational formula was available. These ranged from liquid pools to Christmas trees.
Upholstered furniture models were reviewed in some detail but the point was made that these
fires get geometrically very complex before they reach their peak heat release rate, making
accurate modeling unlikely. Wall and ceiling-lining fire growth models have received extensive
attention but appear to need further work; none has been included in a compartment fire model.
For a wide variety of other real products, there are no computational formulae. The SFPE
Handbook of Fire Protection Engineering [1] does include sample heat release rate data for a
variety of such products; this list will expand in the revised edition now in preparation. Dr.
Babrauskas called for greater attention to the spread of fire among multiple items in a room
environment.

The discussion was then opened to all participants to address the most urgent measurement needs
for model input, output or validation. The discussion was allowed to range rather widely with no
particular attempt at convergence of opinion on measurement needs. We summarize here some
of the more prominent ideas which did emerge in the discussion.

e It can be useful to insert into a fire model a sub-model of the type of sensor(s) being used in
validation experiments. An example would be a sub-model of each thermocouple that
includes its time response and radiation influences. This could aid the comparisons between
model and experiment, but it is useful only if the sensor model is accurate.

e There is a need for an internationally accepted (and thus thoroughly validated) set of fire test
data which could serve the role of model validation.

e There is room for a more thorough effort in both modeling and experimental validation. The
impact of combined model input uncertainties on the model outputs has not been studied



sufficiently. Similarly, the repeatability of experiments used for model validation is not well
established.

¢ Since all measurements contain errors, it would be useful to do a sufficient number to
examine overall mass, energy and species balances, as a check on the internal consistency of
the measurements.

There was also a generalized focus on species generation, reaction and transport and the need for
multi-point measurements, notably in such difficult situations as a doorway after flashover.
Similarly, there was general interest in heat flux prediction and measurement.

III. Session on Product Tests

Kristen Opstad discussed product tests, with a focus on those being adopted by the European
Union. The tests range from a non-combustibility test whose main purpose is to define this term,
1.e., when a material is subjected to an intense furnace exposure, it does not evolve a measurable
amount of heat. Such a test does not provide data for fire modelers. Other tests include heat of
combustion in a bomb calorimeter which provides an upper limit on the heat to be seen in a real
fire. The single burning item test is used for wall or ceiling lining materials. It provides
measures of heat release rate, smoke production, flame spread and tendency to produce burning
droplets. The heat release rate results are cast in terms of an index based on the peak heat release
rate and the time to this peak. Six classes of behavior are then defined, using fire behavior of
materials in ISO 9705 as a reference. This provides some guidelines for fire protection engineers
in applying the results of this test. There are also eleven new tests dealing with fire resistance. A
notable addition to these is the use of a plate thermometer to measure and program furnace
temperature.

Pravin Gandhi discussed product tests used in North America. There is a very wide variety of
such tests whose results are used in voluntary safety standards or in building code compliance.
Most are highly product-specific and do not yield outputs that a fire modeler could use in a
predictive manner. In addition to tests for ignitability, combustibility and flame propagation, Dr.
Gandhi discussed tests for fire detection sensitivity, for fire resistance of a wide variety of
industrial fire control products and for fire suppression.

In discussing product tests in Asia, Yuji Hasemi noted that there has been no movement as yet
toward regional harmonization of fire performance requirements. However, in the face of a
growing fire problem in parts of the region, there is an increasing interest in applying ISO fire
test standards. In most of the region there is little experience with performance-oriented tests.
Japan, however, is in the midst of adopting a performance-based code for buildings. For room
lining materials, this may be based on ISO 9705, with two smaller scale test alternatives under
consideration: a reduced-scale enclosure test and the Cone Calorimeter. The focus of the
enclosure test is likely to be toxicity assessment, however, rather than prediction of larger scale
flashover potential.



In the discussion section, participants were invited to address whether they wanted to focus on a
measurement method for a product or on how an existing product test method could be modified
to produce data for fire models or performance-based codes. The discussion instead ranged more
broadly, starting from questions and comments evoked by the morning’s presentations. A few of
the more prominent points made were as follows:

o There have been some large inconsistencies among various facilities in the measurement of
heat fluxes, particularly in the context of fire resistance testing. There is a distinct need for a
set of guidelines that would improve lab-to-lab consistency and accuracy.

e Reduced-size “room” tests results do not predict full-scale behavior because not all of the
scaling parameters can be matched. The result can be qualitative differences in fire growth
behavior.

There was some discussion of the toxicity of fire gases and how best to measure them, plus a call
for better means to measure them in the context of a fire. It was pointed out that the Cone
Calorimeter has been shown to yield quite low levels of carbon monoxide, making it a poor
candidate platform for such measurements. The high levels of CO in post-flashover fire gases
are evidently the result of quenched combustion chemistry, not simply low ambient oxygen
levels.

IV. Session on Fire Parameter Measurements

Ned Keltner focused his presentation on temperature and heat flux issues in the context of large
furnaces used for fire resistance measurements. Experience has shown that the instantaneous
temperatures in different test furnaces can vary by 100 °C or more and the instantaneous heat
flux can vary by a factor of two. Even thermocouples at the same location, oriented differently
with respect to the heat source, can disagree by 100 °C. An extensively instrumented “furnace
characterization umit” was substituted into the sample position in the furnace to provide
redundant measures of heat flux to a sample. Dr. Keltner suggested that this redundant heat flux
measurement approach be adapted to other, smaller fire test apparatuses.

William Grosshandler presented an overview of gas flow and gas velocity measurement issues.
Duct flows are at the heart of such measurements as heat release rate. The non-spatially-resolved
flow measurements typically applied to these have an uncertainty of the order of 5 %. Spatially
resolved measurements are needed for validation of field model predictions of fire-induced
flows. A number of traditional techniques for point flow measurement are not well adapted to
fire. Particle imaging velocimetry is useful but limited in the spatial area it can measure. A
related technique applies to the tracking of particles in sprinkler sprays. The areas in most need
of improved flow measurements include those through openings into a compartment fire and
flows near a fire plume. Optical techniques for this need hardening and larger area coverage
capabilities.



William Pitts addressed the problem of temperature measurements in fires. Radiation-based
methods were briefly mentioned but the primary focus was thermocouples. Errors in
thermocouple measurements of local gas temperatures can be considerable, especially in
compartment fires where the radiation field is highly asymmetric. Aspirated thermocouples,
which are much less convenient to use, can reduce these errors substantially but not eliminate
them. The use of three unshielded thermocouples of different diameters to permit extrapolation
to results for zero size yields anomalies when applied to rapidly fluctuating conditions since the
thermocouples have differing response times. There is a continuing need for better means to
estimate the errors and uncertainties of temperature measurements in fire environments.

The ensuing discussion ranged over these three classes of measurements and the desirability of
making each the focus of a collaborative effort. The issue of the time response of thermocouples
and the desirability of modeling it received some discussion in light of the anomalous behavior
observed by Dr. Pitts. Heat flux measurements received more interest and again the point was
made that it is necessary to know the relationship between the heat flux to the burning surface in
small scale tests (e.g., the Cone Calorimeter) and full-scale fire tests of real products. One or
two participants pressed for further efforts on velocity measurements but there was no consensus
in this direction.

It was pointed out that what regulators seek in a product test differs from what fire researchers
seek. The former want consistency in the test results; the latter want information that can be
generalized to predict product behavior in new situations. This arose in the context of
discussions as to where the collaborative efforts should focus - on improvements in fundamental
parameter measurements or on product performance factors more immediately of interest to
regulatory personnel.

V. Session on Heat Release Rate and Species Measurements

Marc Janssens gave an overview of the measurement of heat release rate from burning objects.
Methods based on sensible enthalpy measurement were briefly reviewed but the main focus was
on oxygen consumption calorimetry. Small, medium and large-scale applications were briefly
reviewed. Available uncertainty analyses were summarized. In a single laboratory, using a
single well-defined fuel, uncertainty varies from + 5 % for the Cone Calorimeter to + 7 % for
large-scale heat release rate measurements. Round robin tests among laboratories at various
scales show substantially larger uncertainties. It was pointed out that one possible source of this
variability among laboratories is differences in the time response of the calorimeters. This issue
of time response and how it affects observed values of peak heat release rate has received little
attention.

Per Blomgpvist discussed extractive methods of gas analyses in fires. Gas sampling via probes
inserted into a fire offers some advantages over optical methods which are degraded by soot but,
at the same time, the probe disturbs the fire and one has to be sure that the sample entering the
probe emerges unchanged at the other end. Analysis methods for permanent gases and less
volatile species were briefly reviewed and the talk then focused on Fourier Transform Infrared



spectroscopy (FTIR). This technique has the advantage of sensitive quantitation of several
species simultaneously with a response time on the order of several seconds. Response time is
degraded as sensitivity is increased.

Linda Blevins surveyed several non-invasive optical techniques for species concentration
determination. Unfortunately, most of these techniques, such as spontaneous Raman scattering
or laser-induced fluorescence, are seriously degraded by the presence of soot, especially the
heavy soot typical of real room fires. The use of tunable diode lasers is more promising and is
the subject of a current NIST research project. These are used for absorption spectroscopy and,
as such, are somewhat invasive since localized species absorption measurements require the
introduction into the fire environment of a platform having the diode laser and a detection cell.
The technique offers promise of detection of a wide variety of species but some significant
technical challenges remain.

George Mulholland discussed smoke aerosol measurements. Such measurements are needed for
improved detection of fires, product characterization, validation of smoke dispersion models and
for sub-grid modeling of flame radiation. Typical uncertainty levels (95 % confidence limits) for
smoke concentration when sampled from a duct are + 10 % but no time resolution is obtained.
Time-resolved smoke yield measurements require a technique like optical extinction. As applied
in the new NIST Furniture Calorimeter, such a smoke meter is capable of an expanded
uncertainty (2 o) of about £ 20 %. Smoke sampling in flames is more complex, spatial gradients
are large and uncertainty levels for various available techniques have not been assessed. There
remains a need for a round robin on soot measurement using a standard generator.

VI. Selection of a Topic for Collaborative Work Among FORUM Members

With the completion of the prepared presentations, the discussion turned to the selection of the
one (or more) topic(s) of greatest opportunity for collaborative work. All attendees were asked
to state their preference as to the single topic area that they viewed as being most needed and
most promising in this regard. Polling of the attendees elicited subjects from CO measurements
in room fire conditions to velocity measurements in fire plumes or at room openings to
measurements of the yield of respirable aerosol particles. There was considerable discussion of
whether any collaborative effort should focus on the same overall test environment (e.g., the ISO
9705 room) with differing measurands at each lab or whether all labs should focus on the same
measurand within such a room context.

The latter approach prevailed. The most frequently mentioned needs were improvements in
measurement of:

Heat flux to the surface of a burning sample

Gas velocity over spatial areas in a room fire environment
Temperature over areas in a room fire environment

Heat release rate from full-scale burning objects

Smoke characteristics



When the attendees were asked to vote for their preference on the above list (with the
understanding that their laboratory would likely participate in an effort in the expressed area of
interest), heat flux emerged as the top choice.

Heat flux is at the heart of burning rate and fire growth in a compartment environment. It is thus
of primary importance. The measurement challenge ranges from the mainly radiant fluxes at
floor level, to combined radiant and convective fluxes during fire growth and, finally, during
burning. In this last area, particularly, it is essential to demonstrate that the sample surface is
subject to the same heat fluxes in bench scale tests as seen in full-scale room fires. There were
repeated suggestions that multiple methods of heat flux measurement be applied to these
problems but no clear consensus on this issue emerged. There was repeated emphasis by several
participants on making a room corner test configuration the focal point of heat flux
measurements.

The group then discussed a set of goals for the proposed joint measurement effort. The three
general goals which emerged are:

e To quantify the level of uncertainty in such measurements as well as the sensitivity of the
measurements to the parameters known to affect them,

e To reduce these uncertainties to a point where there is general agreement as to the value and
usefulness of the measurements,

e To harmonize the best procedures for such heat flux measurements; this would be expressed
in the form of a set of written guidelines.

The need now is for a detailed plan of action toward achieving these goals. It is to include a set
of specific tasks and the laboratories responsible for each. The first meeting of the personnel
from each laboratory who will be most directly involved in the work has been tentatively
scheduled to take place in London in a late July time frame.

There was also interest in pursuing collaborative efforts on two of the other topics mentioned
above. Marc Janssens will take the lead in the next steps on improvement of the measurement of
heat release rate from room fires. Tokiyoshi Yamada will take the lead on velocity field
measurements. No champion emerged in the topic area of temperature distribution
measurements.
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Validated, 3 x 3 Spatial

Raw Vectors

PIV turbulent jet velocity vectors

National Institute of Standards and Technology
Technology Administration, U.S. Department of Commerce
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¢ High temperatures are a characteristic of combustion.

WHY MEASURE TEMPERATURE IN FIRES?

¢ High temperatures can generate large radiative fluxes which support
fires (e.g., pyrolysis or vaporization of fuels, flame spread, flashover

¢ Temperature is an indicator of the potential for damage.

¢ Temperature is an indirect indicator of heat release rate.

¢ Rates of chemical reactions are highly dependent on temperature.
* e.g., reactions of solids, i.e., pyrolysis

e gas-phase combustion
¢ water-gas shift reaction

e Temperature is viewed as one of the easier to measure fire
characteristics.

NIST—
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WHAT ACCURACY IS “REQUIRED” FOR TEMPERATURE
MEASUREMENTS IN FIRES?

¢ Very little guidance available in the literature.

e Little discussion of effects of uncertainty on models and/or correlations.

o Itis clear that required accuracy depends on how the data will be used:
o Estimate flashover time for compartment fire.

® Determine air flow rate through doorway to +10% by measuring velocity
and density (ideal gas law) of incoming gas.

¢ Validate temperature range where approach to thermodynamic
equilibrium leads to a significant increase in carbon monoxide formation
in rich high-temperature upper layers.

NIST—
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WHAT TEMPORAL AND SPATIAL RESOLUTION ARE

“REQUIRED” FOR TEMPERATURE MEASUREMENTS IN
FIRES?

e Very little guidance available in the literature.

* Requirements depend strongly on fire dynamics and the
design goals for the experiment.

¢ In general, experiments designed to test and/or validate
field models should have higher spatial and temporal
resolution than required for similar tests of zone models.

« Special measurements such as using two temperature
signals for velocity measurement may require quite high
temporal and spatial resolution.

NIST —
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TEMPERATURE MEASUREMENT APPROACHES TO BE
DISCUSSED

e Soot temperature based on resolving thermal radiation
¢ Holographic interferometry
e Infrared imaging of surfaces.

e Thermocouples
e Bare Bead
e Aspirated

o Use of several variable-diameter probes

NIST—

172




Ey

SOOT TEMPERATURE MEASUREMENT

Collimating Lens
Focusing Lers
Laser eeof
Ref. :
TR Lens

F ==~ Frobel

Mior  Chopper Luser

FIGURE | Multi. length emission/absorption probe.
¢ Two-wavelength pyrometry, similar to probe used by Sivathanu and Faeth.

® Measurements recorded inside 6 m x 6 m square pool fire by Gritzo,
Sivanthanu and Gill.

e Spectrally resolved thermal radiation at 1.0 and 0.9 pm.
e Two cm long sampling volume, data recorded at 250 Hz.

¢ Included error analysis, one of largest potential sources was uncertainty for

the index of refraction for soot.
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TEMPERATURE MEASUREMENT USING HOLOGRAPHY
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v
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¢ Coherent optical technique

e Used to study fuel vaporization (Kashiwagi et al.) and flame
spread over solids (Ito et al.)

e Not widely employed, requires good optical access

NisT—
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WALL TEMPERATURE MEASUREMENTS
USING INFRARED IMAGING

e Technique developed by Arakawa, Saito, and Gruver.

* Records infrared radiation from wall using infrared camera during
upward fire spread in a corner.

o Filter to observe radiation in window between 10 pm and 11 pm in
order to minimize thermal radiation from heated gases.

e Estimate radiation from soot is much less than that from the walls.

¢ No detailed uncertainty analysis was provided

NST —
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“TYPICAL” THERMOCOUPLE MEASUREMENTS IN
REAL-SCALE FIRE ENVIRONMENTS

e By far, the most numerous measurement made in fire tests

e Multiple bare-bead thermocouples positioned throughout
test space

e Datarecorded digitally with data rates on the order of a few
seconds

e Variety of environments

¢ Generally employ thermocouples with diameters on the
order of 0.25 mm

e Usually do not attempt to minimize possible errors in
measurements

NIST—
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WHAT IS THE PROBLEM?

A thermocouple, or any immersion device, can
indicate only its own temperature. In general, this
will not be equal to the gas temperature unless
special precautions are taken. It is the
responsibility of the investigator to determine the
difference which exists, and to correct for it, or to
design the probe such that the difference is
acceptably small.

--R. J. Moffat, 1962

NISI'—J
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WHY DOES A THERMOCOUPLE JUNCTION

TEMPERATURE DIFFER FROM THE LOCAL
GAS TEMPERATURE?

Answers

Heating or cooling effects due to:
® Radiation
® Conduction Along Thermocouple Wires
® Catalytic Heating Due to Surface Reaction
® Aecrodynamic Heating at High Velocities

Time Response Limitations

NIST —
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RADIATIVE HEAT TRANSFER TO A THERMOCOUPLE
4

9raa = oe(r.mr T::)

0 is the Stefan-Boltzmann constant and ¢ is thermocouple emissivity.

THERMOCOUPLE IN STEADY STATE
Aoon =hAT,-T) = -q,,

Substitution gives:

o G(I.'.':: - T:ur)

T-T, =
Ud 0.45
0.24+0.56] —=2
k v
& d
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Picture of Enclosure Fire
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ASPIRATED THERMOCOUPLES

® Adopted design from Glawe, Simmons, and Stickney based on it
effectiveness and ease of construction

® Double shicld design with flow over inner shield walis
® Both end and side opening versions were constructed

®  Also tested much simpler design of Newman and Croce which uses a single
shield and is most widely used design in fire testing

® Encountered a paradox: Newman and Croce recommended using an
aspiration velocity of 7.7 m/s and claimed “aspirated temperature also
appears to approach asymptotically a value which should cormrespond to the
true gas temperature™; earlier literature on aspirated thermocouples
indicated that thermocouple “efficiency” increases very slowly with
aspiration velocity and recommended use of the highest velocity possible,
values up to 150 m/s were employed

NIsST —
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400 kW Natural-Gas Fires
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Thermocouple Error, AT (°C)

100 200 300 400 500 600 700 800 900 1000 1100 1200
Effective Temperature of the Surroundings, T (°C)
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400 kW Natural-Gas Fire
Rear, 80 cm above floor
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THERMOCOUPLE RESPONSE TO A
CHANGING TEMPERATURE FIELD

dz‘tc
Tg—rxc = T a

where 7, is the time constant for the thermocouple response given by
P!cClthc

rlC h
lCAlt
which can be rewritten as
. PCuVid,
rk‘
U d 0.45
k,A,J0.24+0.56] v 2

Note the very strong dependence on the thermocouple diameter. Smaller diamete
thermocouples provide much higher time response. The time response also is
strongly dependent on local flow velocity, composition, and temperature.
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400 kW Natural Gas Fire
Rear Upper Layer
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SPATIAL AND TEMPORAL RESOLUTION FOR
THERMOCOUPLE MEASUREMENTS

Fing
P

* Time response for thermocouples typically used in fire
experiments vary from few tenths of to greater than one second.

e Is tempting to define the spatial resolution of the probe as the
effective size of the sampling area (e.g., bare thermocouple

diameter plus boundary layer, volume of gas sampled by
aspirated thermocouple).

* Most fire measurements are made in flow field. Effective spatial
resolution is most often determined by response time of
thermocouple. Consider thermocouple with 0.5 s response time
in a flow of 1 m/s. Measurement is made over a length of
roughly 0.5 s x I m/s =0.5 m.

NIST —
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FINAL THOUGHTS

* Approaches need to be developed for estimating errors and
uncertainties of temperature measurements in fire environments.

* Effects of spatial and temporal averaging on measured
temperatures must be considered.

* Experiments should be designed from the beginning with
uncertainty limitations in mind.

* New modeling advances should be used to guide design of
experiments and help evaluate uncertainty requirements.
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Appendix C: FORUM Workshop Presentations

SESSION 1V.

SPECIES MEASUREMENTS (ACCURACY,

SPATIAL AND TEMPORAL RESOLUTION)
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Intermediate-Scale HRR Testing

Furniture Calorimeter

Room-Corner Test

Southwest Research Institute
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Well-equipped FTIR

Fast scanning
interferometer

2 cells, one

”pre-calibrated”

2 detectors
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In-Situ Gas Concentration
Measurements for Fires

Linda G. Blevins
linda.blevins@nist.gov
Building and Fire Research Laboratory

April 6, 2000
NIST _ o=
Definition of In-Situ
 Not intrusive
e Does not alter environment
» Involves lasers and detectors
« Employs spectroscopy
NIST P
st e S ‘%ﬁ“

234



Selecting a Method

« Consider application: bench scale experiment, product test, reduced
scale enclosure, full scale burns
+ What are you measuring? How much is there? What is the
temperature?
« What other things are there? gases, early soot, mature soot, droplets
— these could be interferences
— also could attenuate or steer light

+ Optical Access Possibilitics

o $$$$$$ Budget ............... Time Budget
- Available Expertise? technician, engineer, trained MS or PhD laser
diagnostician

« Many applications require two or more methods

P
NiST e

bows 3t 055 ariat soctiuto o wnd EH monend
WerreAogs Auseanad g, WS feoornes of Cranats

Comments on Accuracy

« Major uncertainty sources are systematic errors associated
with converting a measured quantity into a concentration

temperature effects

collisional environment

laser power fluctuation, laser line center/shape drift

soot extinction, beam steering/defocusing

+ Accuracy sometimes expressed as “detection limit”

Trade

Measurement Signal-to-Noise

Ratio

Speed

MRS Rartranad St iv W aend
Wtdoqy rrimeeRenon, S Reganvarns o Canmerce

&
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Spontaneous Raman Scattering

» Used for Major Species Concentrations
- H,N,, 0,,CH,, CO,, CO
« Inelastic scattering of laser light by molecules
— Incoherent (scatters in every direction)
— No specific Ay, is required, although lower Ay, => higher signal
— Scattering at A pigion > Maser (Stokes) and Agpiprion < Mager (Anti-Stokes)
— Several molecules detectable by monitoring several A i Simultaneously
— Suffers interference from PAH LIF, Other Raman, Rayleigh
— Can suffer interference from wall & particulate scattering
— Weak Signals
+ Temporal resolution => (typ. < 1 us) => determined by detector gate or laser
+ Spatial resolution => (typ. < 1 mm?3) => determined by collection optics
» Often Combined with Rayleigh Scattering for Temperature & Concentration

| NSt z?é@...
SeoSanal testhote cf xné '-!%

Mecrnhog: Arstessdubin, Wo Dooatnas of Sranies

Rayleigh Scattering

« Signal proportional to total p -- all molecules contribute
» Used primarily for Temperature
« Can be used for gas concentration in isothermal binary mixtures
- Elastic scattering of laser light by molecules (Aepission = Maser)
~ Incoherent (scatters in every direction)
— Requires clean environment
— Signal much stronger than Raman Scattering
« Temporal resolution => (typ. < 1 us) => determined by detector gate or laser
» Spatial resolution => (typ. < 1 mm?) => determined by collection optics
e Can suffer interference from wall & particulate scattering

Osnrchnge
Yetondony £/ 2o, IS Baparrars o Comerasce

NIST o
mer £

236



Laser Induced Fluorescence (LIF)

« Used for Minor Species Concentrations
— OH, CH, NO, CO routinely probed
— Also possible to probe H,, O, H,0, O, H & other atoms
— Mixing tracers such as added acetone
« Laser light => photon absorbed by molecule => light emitted
— A molecule can have several Ao (same & different from Ay,,,)
— Incoherent (emitted in all directions)
— Orders of magnitude stronger signals than Raman scattering
— Sensitive to quenching
« Temporal resolution => (typical < 1 ps) => determined by detector gate or
fluorescence lifetime
«  Spatial resolution => (typical < 1 mm®) => determined by collection optics
« Can suffer interference from PAH LIF, Rayleigh
« Can suffer interference from wall & particulate scattering

| st £

Wererhogy Sstenshuiiz, Wh (e00anes o Donntets

Planar Imaging Measurements

« CH, C,,CN,NO,H, O, CO,
Tracers (acetone)

+ Mostly qualitative

+ Planar Rayleigh, Planar LIF (PLIF)

+ Can be performed simultaneously
with planar velocimetry

+ Suffer from Raman, Rayleigh, LIF
interference sources

s PLIF requires intensified CCD
cameras

SNL Website

W—nt astrmand Jnsts v ok ) sassas
Ytcstony prrinseion, WS fegenmars & Canenee
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Coherent Anti-Stokes Raman
Scattering (CARS)

« Used for Major Species N,, O,, CO, H,, H,0 concentrations > 1% vol
« 2 or3 incident laser beams with special Ay,

— Produce a coherent (directional) signal beam with an additional A

— Can be used in mildly sooting environments

— Muiltiple species and/or temperature

— Signal orders of magnitude stronger than spontaneous Raman

— Complicated spectra/signal processing

— Suffers from non-resonant spectral background interference
« Spatial Resolution: Defined by laser overlap geometry (typical ~ 1 mm?)
+ Temporal Resolution: (typical <1 us) defined by detector gate or laser pulse
« Accuracy: detection limit ~1%

B
Werecdogs dusteisn sz, WS fxoedmas of i onies

%‘ﬁf

Laser Induced Breakdown
Spectroscopy (LIBS)

Laser-induced
plasma

» Line position provides

Atomic species identification
emission L ) .
collection # Linc intensity provides

species concentration

Be
Spectrometer b cd
» Uses spectral information to s b ‘ca y %,
measure multiple metals 2t ¥
* Good for inorganic species R cd -
¢ Temporal resolution oc plasma : Je d
lifetime ~ 100 ps b
¢ Spatial resolution ~ 2 mm W5 W B f S 4w E mE 5
« Detection limits O(ppb) Manslemgth fom)

e -

Ytnstony rriminssion, WS Penmmars o oo DI, Steven Buckley, buckley@eng.umd.edu

238



Tunable Diode Laser Absorption
(TDLAS)

fiber optics

» low-cost miniature lasers

» water-cooled

 purged optics

 quantifiable spatial & -
temporal resolution

 quantifiable uncertainty

» fast measurements

* use in sooty environments

+ detect multiple species
simultaneously

| s =
Seotianol 109%8ut0 et Stonadcadc und Technology e =
Wetsehogs Bussesiahetran, WS fesaanias of Caaniacs ~

Laser Absorption Spectroscopy

+ Laser photon absorbed by molecule
— traditionally performed using lamps
— path-averaged measurement
— now performed with tunable diode lasers
» Near-infrared communication lasers: spectrally narrow
- H,0, T, soot, CO, O,, CO,, CH,, C,H,, C;H,
also HCN, HCI, NO, NO,, OH, H,S, NH,
+ Lasers => narrow spectral coverage
— ~2.5 nm (10 cm!) for temperature-tuning
— ~0.5 nm (2 cm!) for current-tuning

Y
L. Reatronad anve v o4 7 A = o
Tnindony rriresssion, A1 S, Denmears o Cormsse
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TDLAS Challenges

« Weak overtone molecular transitions
— Need to measure 1T ~0.99999

» Line shapes change with T & s
collision partners —Spatial Res.: Can be ~10 cm

» Congested spectra ~Temporal Res.: Can be <1 ms

— H,O primary culprit —Accuracy:

— Hot bands at high temperatures * 7 0£0.99999 or 0.9999 achievable

— Unknown high-temperature espace/time/T trade-off

spectroscopy *CO =>0.1% per m, 200 ms, 300 K

» Interferometric noise (etalons) R

« Beam steering/optical alignment

Ry g;;_.

Werredog: Mnanishetion, LS, Dovorines of vanta s

Year 2000 TDLAS Work

Fires and Sooty Flames

+ NIST .

— CO, CH, => quantifying signals & determining unceltaihty
* Army Research Laboratory (ARL)

— HF, O,, hydrocarbons => suppressant effectiveness, fuel-to-air ratio
+ Sandia National Laboratories (SNL)

— H,0, soot, temperature, C,H,, CO, => real-scale fire hardware
» Naval Research Laboratory (NRL)

~ O, for large-scale suppression studies
» Stanford/Navy Pulse Detonation Engines

— T, soot fraction, 2-color soot absorption/emission, multiplexed diodes

Terndogy srtmieiinion, WS Renonmars o Comemrce

NiST ,
e -
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Near-IR TDLAS Success Stories

» HF measured during chemical suppression of large Army fires--
McNesby et al., Appl. Phys. B 67:443, 1998

« 10-kHz control system used to optimize a 50-kW Navy dump
combustor--Furlong et al., ATAA J. 37:732, 1999

» Air mass flux sensor flown on P&W F-100 aircraft engine--Allen,
Meas. Science & Tech. 9:545 1999

» Hygrometer flown on wing of NASA P3B research aircrafi--Applied
Physics B. 67:275 Sonnenfroh et al., 1998

« 0,, CO, and HCl in stack of a 27-MW paper mill boiler/incinerator,
HF in aluminum smelter, NH, in 460-MW coal boiler flue, Linnerud,
et al., Appl. Phys. B 67:297, 1998 '

+ H,0 & T in NASA microgravity drop tower flames--Silver et al.,
Appl. Opt. 34:2787

» CH, sensor in /andfill--Hovde et al., J. Atm. Chem. 20:141, 1995

s | %E._

TeteAogy Aastesinution, WS Dooornes O lranes

PIV Study of Extractive Probes

LIRS gﬁ’s__

M 4
Tadomy rAminRr b0, VI Denemvars o Comonnsie
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Summary

Spatial Temporal Accuracy Comments
Resaluti Resaluti @

Raman ~1mm <1lps 5% Weak Signals

Scattering Multiple Species

Rayleigh ~1 mm <1lps 5% Clean Environment

Scattering

LIF ~1 mm <lps 5% Quenching Important

CARS ~2mm <lps 5% Mild Soot OK

Complex Data Reduction

LIBS ~2mm ~100 ps 5% Metals/Toxicity

TDLAS - ~10 cm ~1 ms 5% Space/Time/Temperature Trade-Off
Fire Research Activity

*Accuracy depends on species being measured and its environment, ie., line strength,
temperature dependence of spectroscopy, interfering species, averaging time, beam attermatio

and steering, dynarmnic range of detector, etc. = 1
| past &
SeoSanet testiute ot " %

mé
Wesrehogy: Sasanadefen, (WL Cosesnns of Zrnaies

Reading List I

« Laser Diagnostics for Studies of Turbulent Combustion. E.P. Hassel and S.
Linow. Meas. Sci. Technol. 11:R37. 2000.

» Laser Spectroscopic Techniques for Combustion Diagnostics. Marcus Alden.
Combust. Sci. Tech. 149:1. 1999.

e Laser and Probe Diagnostics in Fundamental Combustion Research. Katharina
Kohse-Hoinghaus. Israel Journal of Chemistry. 39:25. 1999.

* Diode Laser Absorption Sensors for Gas-Dynamic and Combustion Flows.
Mark Allen. Meas. Sci. Technol. 9:545. 1998.

"« Diode Laser Based Measurements of Hydrogen Fluoride Gas During Chemical
Suppression of Fires. K.L. McNesby, R. Reed Skaggs, A.W. Miziolek, M. Clay,
S.H. Hoke, and C.S. Miser. Appl. Phys. B. 67:443. 1998. '

¢ Laser Induced Fluorescence Spectroscopy in Flames. John Daily. Prog. Energy
Comb. Sci. 23:133. 1997.

» Application of Tunable Excimer Lasers to Combustion Diagnostics: A Review.
E.W. Rothe and P. Andresen. Applied Optics. 36:3971. 1997.

laces ﬁ.“is.-mrm o Kb b b Brarnrshnte g@ ansad

Tatatlogy rrrniidevhon, M PRoanwsrs 7 Coomoarse
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Reading List 11

« Applications of Laser-Induced Breakdown Spectroscopy. K. Song, Y.I. Lee, and
J. Sneddon. Applied Spectroscopy Reviews. 32:183. 1997.

Laser Diagnostics for Combustion Temperature and Species Measurements.

Alan Eckbreth. Gordon & Breach. 1996.

¢ The Structure of Nonpremixed Flames Revealed by Raman-Rayleigh-LIF
Measurements. A.R. Masri, R W. Dibble, and R.S. Barlow. Prog. Energy Comb.
Sci. 22:307. 1996.

» The Applications of Laser Rayleigh-Scattering to Combustion Diagnostics.
F.Q. Zhao and H. Hiroyasu. Prog. Energy Comb. Sci. 19:447. 1993.

« Laser Measurements of Scalars in Turbulent Diffusion Flames. D. Stepowski.
Prog. Energy Comb. Sci. 18:463. 1992.

¢ CARS in Combustion - Prospects and Problems. B. Attaltretout, P. Bouchardy, P.
Magre, M. Pealat, and J.P. Taran. Applied Physics B. 51:17. 1990.

+ Planar Laser-Fluorescence Imaging of Combustion Gases.

R.K. Hanson, JM. Seitzman, and P.H. Paul. Applied Physics B. 50:441. 1990.

et rehog Arstanshfinn, WS, Decodras of D mien

Reading List 111

« Raman Spectroscopy in the Analysis of Fire Gases. M. Alden, J.
Blomgvist, H. Edner, and H. Lundberg. Fire and Materials. 7:32. 1983.

« Laser Diagnostics Applied to Combustion Systems. S.S. Penner, C.P.
Wang, and M.Y. Bahadori. 20th Combustion Symposium. p. 1149. 1984.

« Combustion Diagnostics by Laser Raman and Fluorescence Techniques.
Alan Eckbreth, Paul Bonczyk, and James Verdieck. Prog. Energy Combust.
Sci. 5:253. 1979.

+ Raman Scattering Studies of Combustion. Marshall Lapp & Danny
Hartley. Combust. Sci. and Technol. 13:199. 1976.

« Estimates of Possible Detection Limits for Combustion Intermediates and
Products with Line-Center Absorption and Derivative Spectroscopy Using
Tunable Lasers. K.G.P. Sulzmann, J.E.L. Lowder, and S.S. Penner.

Combust. Flame. 20:177. 1973.
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Figure 10.  Size distribution of smoke particulate from a 2.0 m diameter
Murban crude oil fire and a 12.0 m diameter Louisiana crude
oil fire
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Extinction Coefficient, 1/m

Extinction Coefficient and Heat Release Rate
for a 50 cm Diameter Heptane Pool Fire
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Mass Generation Rate of Smoke and Mass Loss Rate
of Heptane for 50 cm Diameter Pool Fire

Mass Generation Rate of Smoke, g/s
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