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Introduction

T HE operation of industrial thermal oxidation systems, for ex-
ample, power generation and chemical waste incineration, is

generally based on a priori knowledge of the input stream physi-
cal and chemical properties, desired stoichiometricconditions, and
monitoring of a few major species in the exhaust. The optimization
of these systems is relying increasingly on computational models
and simulations to provide relevant process information in a cost-
effective manner. However, for computational models to be used
con� dently, one needs reliable data for specifying model initial/
boundaryconditionsand experimental/numericalcomparativeanal-
ysis of conditions within the reactor to validate the models. Dis-
cussion of these issues is the focus of the work carried out in
the AIAA Computational Fluid Dynamics (CFD) Committee on
Standards.1

The objective of this Technical Note is to introduce the reader
to a new reference spray combustion facility being used to provide
benchmark experimental data with associated quantitative uncer-
tainties for the validation of multiphase combustion models and
submodels. Reference 1 distinguishesbetween four levels of com-
plexity when collecting data for CFD validation. These four levels
are the unit problems, benchmark cases, subsystem cases, and the
completesystem.The four levels increasein complexityin the order
stated. The current facility corresponds to a benchmark case and,
therefore, is considerably less complicated than a complete ther-
mal oxidation system. The benchmark case does, however, contain
important elements of the system, such as multiphase � ow, com-
plex transportphenomena,and chemical reaction.Also, benchmark
facilities have the � exibility to provide greater diagnostic analy-
sis of � ow� eld phenomena than allowable in full-scale complex
systems.

The current facility con� guration and baseline operating condi-
tionswerede� ned in direct responseto collaborationswith modelers
and their needs. A coupled experimental/computationalapproach is
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used to involve modelers directly in the program. Sample data are
presented from the baseline case, and a more extensive compilation
of the experimental data is available from the authors.2

Facility Design
The reference spray combustion facility, shown in Fig. 1, has

evolved into a well-characterized and controlled system that can
handle different 1) process liquid fuels and wastes, 2) atomizer de-
signs, and 3) combustor con� gurations.A variety of state-of-the-art
diagnostics are employed to characterize the input liquid stream,
spray (dropletsize,velocity,and numberdensity), and exhaustemis-
sions (particulatesand chemicalspecies). The facilitypermits exam-
ination of the effects of air swirl, atomizer design, fuel type, and air
preheaton spray structure,combustionand emissioncharacteristics.
Experiments can be carried out under a variety of conditions,where
the � ow parameters (air� ow rate, swirl number, and inlet air and
fuel temperature) and fuel injector characteristics (fuel � ow rate,
spray angle, and atomizer con� guration) are variable over a wide
range. The unique aspect of this reference facility is the availability
of advanced in-situ diagnostics that can be used to provide data for
a wide range of operating conditions.

The experimental facility includes a stainless steel chamber with
a variety of windows and ports for introducing both nonintrusive
optical diagnostics and intrusive probes. The chamber allows for
better-controlledevaluation of spray and emission data, as well as
the study of different combustor con� gurations and heat transfer.
The chamber height is 1.2 m, and the inner diameter is 0.8 m. All
chamber inlet and boundary conditions are monitored to provide
accurate data for modelers.

The facility includesa swirl burner with a movable 12-vane swirl
cascade. The cascade is adjusted to impart the desired degree of
swirl to the combustion airstream that passes through a 0.10-m-
diam passage and � ows around the fuel nozzle. The � ow rate of the
combustionair is monitoredusinga sonicnozzle,anda seriesof ther-
mocouplesare used to measure the temperaturesof the reactor wall
and exhaustgas. The fuel � ow rate is measuredwith a turbine meter,
and the pressurized liquid fuel is forced through an interchangeable
spray nozzle. The fuel � ow rate, combustion air� ow rate, wall tem-
peratures, and exiting gas temperatures are continuouslymonitored
and stored on a personal computer.

The burner is � red upward along the vertical axis of the cham-
ber. A stepper-motor-driventraversing system translates the entire
burner/chamber assembly permitting measurements of the spray at
selected locations downstream of the nozzle. Note that the reactor
exit is off-axis, which permits insertion from the ceiling of thermo-
couples and gas-sampling probes facing directly into the � ame, but
also makes the problem nonaxisymmetric.Flexibility of the facility
will allow for modi� cation to the axisymmetric con� guration. The
relevant dimensions necessary for modeling the multiphase com-
bustionwithin the facility are presented in Fig. 2. Additionaldetails
on the design of the burner are available in Ref. 2.

The reacting fuel spray is characterized with a two-component
phase Doppler interferometer (PDI). Information provided by the
systemincludesstatisticson the dropletsize,axialand radialcompo-
nents of velocity, number density, and mass � ux. Air velocity mea-
surements, that is, mean and rms values, are also carried out using
the PDI by adding seed particles to the combustion air or by using
hot-wire probes. Gas-phase species concentrations are measured
using Fourier transform infrared (FTIR) spectroscopy. An FTIR
spectrometer equipped with a deuterated triglycene sulfate detector
is used for extractive sampling of chemical species in the combus-
tor emissions. A gas-sampling system, consisting of an air-cooled
sampling probe, a heated gas line, and a vacuum pump, facilitates
the transport of the sample gas extracted from the spray combustor
into the single-pass gas cell in a continuous manner. The sampling
probe was designed to aerodynamicallyquench chemical reactions
occurring within the gases being sampled. The sampling gas line
was also provided with a means for purging. Typically, the gas-
sampling probe is inserted into the exhaustgas stream in such a way
to probe the conditions at the selected exit plane (see Fig. 1). The
extractedgas samples are analyzedwith the FTIR spectrometer,and
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a) b)

Fig. 1 Schematic of a) NIST reference spray combustion facility and b) downstream portion of the burner.

a) b)

Fig. 2 Relevant dimensions (in millimeters) necessary to model the reference spray combustion facility.

the spectral data are recorded.These spectra are used to identify the
major speciespresent in the reactoremissions.Separatelygenerated
calibration spectra of each identi� ed species are then used to quan-
tify the species in the gas sample. A continuous emission monitor
is used for monitoring NOx in the exhaust gas.

Thermocouples (K type) are used to measure the wall tempera-
ture and the gas temperature at the exit of the reactor. The temper-
ature of the exit gas is measured at the same locations where the
species concentrationdata are obtained. The combined uncertainty
is 3 and 5.5±C for the wall and gas temperatures, respectively.Fine-
wire thermocouples (Pt–Pt/10% Rh) are used to estimate the gas
temperatureswithin the reactor chamber. High-sensitivityheat � ux
microsensors are used to measure the radiation heat transfer to the
chamber walls.

Baseline Case
The reference spray combustion facility at the National Institute

of Standards and Technology(NIST) has been fabricatedto develop
a benchmark database that can be used for input and validation of
multiphase combustion models. If such a database is to be used
successfully for validation purposes, it is necessary that extensive
measurements are made and that uncertaintiesin the measurements
are quanti� ed. Because of the vast amount of experimental effort
required, it is prudent to initially limit the scope to a single oper-
ating condition (fuel � ow rate, air� ow rate, vane angle, etc.). After
the system has been thoroughlycharacterizedfor the baseline case,

new operating conditions will be chosen based on feedback from
collaboratorsattempting to simulate the combustion process within
the reactor.

All relevant informationregardingboundaryand operatingcondi-
tions is presented in Ref. 2. Methanol was chosen as the fuel for the
baseline case because the thermodynamic and kinetic data neces-
sary to model the gas-phase combustion are readily available.3 The
fuel is forced througha pressure-jetnozzle and forms a hollow-cone
spray with a nominal 60-deg full cone angle. A parallel program is
underway to developa referenceatomizer with well-de� ned droplet
size and velocity distributions. The atomizer will then provide
known spray characteristics at the inlet, thus reducing the uncer-
tainty in this very important inlet condition. The fuel and air are
delivered to the reactor at ambient temperature and � ow rates of
3.0 § 0.02 kg¢ h ¡ 1 and 56.7 § 1.7 m3 ¢ h ¡ 1, respectively. For the
baseline case, the vane angle is maintained at 50 § 1 deg. Recent
CFD modeling of the vane cascade and combustion air passage
yields a swirl number4 of S ¼ 0.49, and the predicted velocity pro-
� le at the inlet of the reactor is in good agreement with experi-
mental measurements.5,6 Turbulence intensity measurements at the
combustion air inlet plane are in progress.

Sample PDI data characterizing the reacting fuel spray at seven
elevations downstream of the nozzle are shown in Figs. 3 and 4.
Figure3 presentsthe meanaxial velocityof the dropletsas a function
of radial position in the reactor. As expected, the mean velocity
decreases with axial position due to the drag on the droplets, and
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Fig. 3 Variation of the droplet mean axial velocity with radial position
at seven axialpositionsdownstream of the nozzle; measurements carried
out with a PDI.

Fig. 4 Variation of the droplet number density with radial position at
seven axial positions downstream of the nozzle; measurements carried
out with a PDI.

it peaks in the center of the spray where the droplets possess the
highest momentum. Figure 4 presents the mean droplet number
densitymeasured in the sprayat the same sevenelevationspresented
in Fig. 3. The error bars in Figs. 3 and 4 correspond to type A
uncertaintiesand do not include the type B uncertaintiesassociated
with the PDI. Type A uncertainties are those that can be quanti� ed
using a statistical analysis, whereas type B uncertainties are those
related to the experimentaltechniquethat cannotbe addressedusing
statistical methods.7,8 The reader is referred to Ref. 2 for further
details on the uncertainties in the measurements.

Measured species mole fractions in the exhaust gas are presented
in Fig. 5. The measurements were obtained using the described ex-
tractive sampling method and analyzed using FTIR spectroscopy.
Because an extractive sampling method is used, it is not possible to
measure unstable reaction intermediates. The open and � lled sym-
bols in Fig. 5 correspond to the vertical and horizontal pro� les, re-
spectively.It is evidentfromFig. 5 that the speciesconcentrationsfor

Fig. 5 Variation of major species concentrations with radial position
at the reactor exit plane, measured using FTIR spectroscopy.

CO2 , CO, and CH3OH are relatively uniform across the exit plane
due to adequate mixing occurring within the reactor prior to the
gases entering the exhaust duct (see Fig. 1). The error bars in Fig. 5
correspond to the expanded standard uncertainty with a coverage
factor k =2 and roughly indicate a 95% con� dence interval.7,8 The
relatively large uncertainties in the CO concentrations (horizontal
pro� le) are attributed to the relatively low concentrations, day-to-
day � uctuations, and short path length of the absorption cell in the
FTIR spectrometer. As is, the data are useful for model validation,
and the uncertainty can be reduced with a longer absorption cell if
numerical/experimentalcomparisonswarrant it. Again, emphasis is
placed on being receptive to the needs of the modeling community.
The species concentration measurements presented in Fig. 5 were
used to verify that mass was conserved during the experiments and
to determine the extent of fuel conversion.

Conclusions
A referencespray combustionfacility is currentlyoperationaland

beingused to developa benchmarkdatabasefor inputand validation
of multiphasecombustionmodels and submodels.The baselinecase
consists of a methanol spray � ame that has been characterizedusing
a variety of diagnostics, including PDI and FTIR spectroscopy. In
addition, considerable effort has been made to characterize com-
pletely the boundary conditions, including development of a refer-
ence atomizer and characterization of the combustion air that en-
ters the reactor. Potential collaborators interested in modeling the
facility or carrying out industry-speci�c experiments at NIST are
encouraged to contact the authors for copies of Refs. 2, 5, and 6
that detail the results and include electronic � les of the data. NIST
also makes the reference spray combustion facility available to out-
side industrial and academic researchers wishing to participate in
collaborative research.
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Introduction

G LYCIDYL azide polymers (GAPs) (Fig. 1) cured with diiso-
cyanates have been investigated rather extensively for use as

propellantsfor ram rockets.1 ¡ 5 These propellants, in addition to be-
ing fuel rich and liberating large amounts of H2, CO, and gaseous
hydrocarbons on their burning in the primary chamber, are greatly
insensitiveto impact and providehigh burning rates.5 Their decom-
positionpattern is alsonot affectedby increasedpressure.6 However,
the decompositionproducts of cured GAPs contain HCN, which is
highly toxic. Though attempts have been made to suppress HCN in
the gaseous decompositionproducts by using copolymers of GAPs
with high hydrocarbon content,7 no attempt has been made to use
diisocyanatesto cure GAPs with increasinghydrocarboncontent to
achieve the same purpose. Further details of the explosive behavior
of GAPs and their cured products are not available in the literature.
In this Note, hydroxy-terminated GAPs with Mn, 1100 and 2150
cured with toluene diisocyanate (TDI) (Fig. 2), isophorone diiso-
cyanate(IPDI) (Fig. 3), and 4,40 -dicyclohexylmethanediisocyanate
(H12MDI) (Fig. 4) have been investigated to elucidate the decom-
position mechanism, suppress HCN in the decompositionproducts,
and generate data on their explosive behavior.

Materials and Methods
GAPs with two OH groups per molecule with average molecular

weights1100and2150were synthesizedby reactingthecorrespond-
ing polyepichlorohydrin (PECH) with sodium azide in dimethyl
sulfoxide (DMSO). Dihydroxy PECHs were in turn synthesizedby
activated monomer polymerization of epichlorohydrin using BF3-
ethyleneglycolcomplexas the catalyst.8 Thesepolymerswere cured
with TDI, IPDI, or H12MDI with trimethylol propane (TMP) as a
triol crosslinker and dibutyl tin dilaurate (DBTDL) as catalyst at
333 K to be used as ram rocketpropellants.TDI, IPDI, and H12MDI
(Fluka Chemika, laboratorygrade) were obtainedcommerciallyand
used as received for the cure of the GAPs.

Cured GAP samples were decomposed by taking about 270 mg
of a sample in a 100-ml round-bottom � ask � tted with a side tube
and a vacuum tap and heating it after evacuation in a concentrated
H2SO4 bath up to 543 K. The gases evolved were collected in an
evacuated gas analysis cell of an IR spectrometer � tted with NaCl
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Fig. 1 GAP.

Fig. 2 TDI

Fig. 3 IPDI.

Fig. 4 H12MDI.

windows. Fourier transform infrared (FTIR) spectra were recorded
using a Perkin–Elmer FTIR spectrophotometer,Model 1605, for the
analysis of the gaseous mixture.

Ionodes (ion selectiveelectrodes) are simple, potentiometricsen-
sors that respond to the concentrationof an ion in a solution. About
1.08 g of cured GAP (Mn, 2150) was taken in a 100-ml � ask � tted
with a side tube and a vacuumtap. The � ask was heated after evacu-
ation in a concentratedH2SO4 bath up to 543 K. The water-soluble
and acidic gases evolved were absorbed by 30 ml of 10% NaOH
solution to convert HCN to CN ¡ . Three sets of test solutions with
unknown CN ¡ content were prepared by using GAP cured with
TDI, IPDI, and H12MDI separately.

A standard AgCN solution (CN ¡ content 100 ppm) was taken in
a beaker containing a reference electrode (polymer body Ag-AgCl
type) and a CN ¡ -sensitive electrode.A digital pH meter was used to
calibrate CN ¡ concentration in terms of mV. Three more readings
were noted for the solutions containing CN ¡ diluted to 10, 1, and
0.1 ppm. Similarly, the test solutions were measured for their CN ¡

concentrationsby convertingmVs producedby the cyanide-speci�c
ion electrode.

Measurements of temperature of explosionof uncured and cured
samples of GAPs were carried out in a special apparatus. This
apparatus consists of a 10-cm-diam cylindrical copper block with a
2.5-cm-diam and 7-cm-depth cavity. It contains Wood’s metal with
a melting point of 338 K as the bath material, which can be heated
up to 623 K. Approximately 5 mg of sample material was taken in
an aluminumcup with a 5-mm diam and 2-mm height. The cup was
covered with an aluminum cap. The Wood’s metal bath was then
electricallyheated.The heatingrate was controlledby a dimmerstat,
and the bath temperature was monitored by a thermometer. When
the desiredtemperaturewas reached,thecurrentwas controlled.The
aluminum cup containing the sample was introduced into the bath,
and a stopwatchwas started.After a certain time interval the sample
exploded with � ash, and the stopwatch was instantly stopped. This
reading represented the explosion delay. Thus, readings were taken
at successive temperature intervals of 1 K until a temperature was
reachedat which the explosiondelay was less than 5 s. The temper-
ature correspondingto the 5-s explosiondelay is usually referred to
as the explosion temperature.

Energy of activation for explosion was calculated by using the
equation

t = CeE / RT (1)

where t is explosion time lag, E is energy of activation, T is abso-
lute temperature,C is a constant (depending on the composition of
the explosive), and R is universal gas constant (1.986 cal/g). This
expression can be rewritten as

log t = B + E / (2.303 £ 1.986)T (2)

where B is a constant.
On plottinglog t against1/ T , a straightline is obtained.The slope

of the plot is equal to E / R, from which the energy of activation for
explosion can be calculated.


