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ABSTRACT

An investigation of NO formation in a premixed, turbulent flame stabilized
on the recirculation zone downstream from a bluff-body has been carried
out. The objectives of this investigation were to investigate the factors
affecting NO formation in the recirculation zone and to assess the rela-
tive importance of NO production in the zone to overall NO production.

The dependence of NO formation in the recirculation zone on the properties
of the zone was determined. NO production in the recirculation zone was
strongly influenced by non-equilibrium chemical effects and by turbulent
exchange processes. Information on turbulent exchange was obtained in

a complementary investigation of recirculation zone fluid dynamics in
non-regcting flows. Comparison of NO production in the recirculation

zone with overall NO production indicates that, for the experimental
configuration, the recirculation zone is not a major factor in overall

NO production.

An analytical model for NO production in the burner was developed. Results
from this model suggest that the recirculation zone can be a major factor
in NO production in practical combustion devices.

This report was submitted in fulfillment of Contract 68—02-0252, by United

Aircraft Research Laboratories, under the sponsorship of the Environmental
Protection Agency. Work was completed as of March 1973.
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SECTION I
INTRODUCTION

Recent experimental investigations of factors affecting pollutant emissions
from various continuous combustion systems (Refs. 1-3) have shown that
changes in operating conditions, which alter the flow patterns in the
combustion chamber, can have a substantial effect on nitrogen oxide emis-
sions. This observation suggests that coupling between fluid dynamic

and chemical processes in the combustion chamber is a major factor gov-
erning nitrogen oxide emissions. In many practical continuous combustion
systems, such as furnaces and gas turbines, the flame is stabilized by a
primary combustion zone, characterized by strong recirculation patterns.
Because of the high temperatures and relatively long residence times
associated with these regions, it appears likely that a substantial
amount of nitric oxide formation occurs in the recirculation zones.
Hence, changes in operating conditions which alter recirculation zone
characteristics -- notably recirculation zone size and the temperature
and residence time of gas in the zone -- can be expected to produce
changes in nitrogen oxide emissions. To gain an initial understanding

of how coupling between fluid dynamic and chemical processes in a
combustion device governs nitrogen oxide emissions, one can first

examine the nitric oxide formation process in recirculation zones.

The present report documents the results of an investigation, sponsored
by EPA Contract 68-02-0252, of nitric oxide formation in a combustion
process with strong recirculation. The objectives of this investigation
were to (a) investigate the factors affecting nitric oxide formation in
the recirculation zone and (b) assess the relative importance of nitric
oxide production in the recirculation zone to overall nitric oxide
production.

In this investigation, a simplified experimental configuraticn was used
to permit detailed examination of the nitric oxide formation process in
the combustor as burner input parameters (fuel/air ratio and inlet velo-
city) were varied. To assist in interpretation of the experimental
results and to permit extrapolation of these results to conditions out-
side the range of the present study, an analytical model for nitric oxide
formation in the model combustor was developed. To obtain necessary
background information on the fluid dynamics of recirculation zones,

a detailed experimental investigation of recirculation zones downstream
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from bluff-bodies in non-reacting flows was carried out. The various
aspects of the investigation, outlined above, are discussed in Sections
ITT, IV, and V.



SECTION IT

BACKGROUND INFORMATTON

II-A. COMBUSTION EXPERIMENTS

The principal obJjective of the combustion experiments was to obtain
information on the nitric oxide formation process in a continuous flow
combustion system in which the flame is stabilized by recirculation.
Specifically, the factors affecting nitric oxide production in the
recirculation zone were to be identified and the importance of nitric
oxide production in the recirculation zone to overall nitric oxide
production in the combustor was to be determined.

A simplified experimental configuration was used to permit detailed
examination of the nitric oxide formation process in the combustor.

In this configuration, a flame was stabilized in a two-dimensional
turbulent, premixed, gaseous fuel-air stream by introducing a 0.318-

cm diameter cylinder into the flow. The mixture of burned and unburned
gases, entrained into the two-dimensional recirculation zone located
downstream from the cylinder, served to stabilize the flame in the
combustor. A detailed description of the combustor ig given in

Section III-A.

The amount of nitric oxide produced in the recirculation zone is known
to depend on four principal factors -- the recirculation zone volume,
the temperature and regidence time of the gas in the zone and the O-
atom concentration in the zone. To characterize the nitric oxide
formation process in the recirculation zone, the dependence of the
nitric oxide concentration in the zone on these four factors must be
determined. Each of the four factors depends, to a certain extent,
on the burner input parameters -- fuel/air ratio, inlet velocity and
turbulence level. Hence, to obtalin the dependence of nitric oxide
production in the recirculation zone on the zone characteristics,

the burner input parameters were varied systematically, and the sub-
sequent variations in recirculation zone volume, temperature and
residence time of the gas in the zone and O-atom and nitric oxide
concentrations in the zone were determined. These data then were
used to correlate nitric oxide production in the recirculation zone
with the important zone characteristics. To assess the relative
importance of the recirculation zone to the overall nitric oxide
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formation process, the nitric oxide produced in the recirculation zone
was compared to the total nitric oxide produced in the combustor, as meas-
ured in the exhaust gas.

Results from the combustion experiments are discussed in Section IIT, and

a detailed description of the experimental techniques is given in Appendix
A.

II-B. COLD FLOW EXPERIMENTS

Development of a model for nitric oxide preduction in the recirculstion
zone requires knowledge of the turbulent transport processes within the
recirculation zone and between the zone and the outer flow. This informa-
tion was not readily obtalned from the combustion experiments due to the
high temperature and small size of the stabilizing recirculation zone.

To provide some understanding of the turbulent transport processes, the
two-dimensional recirculation zone downstream froma 1.59-cm diameter
cylinder placed with its axis normal to a cold, nonreacting flow was
investigated experimentally. In these tests, a tracer material was
injected through holes in the cylinder wall into the recirculation

zone where tracer residence times and tracer concentration distribu-
tions were determined using a fiber optic probe. Recirculation zone
geometry was determined from spark schlieren photographs taken using
injected helium tracer. High speed schlieren movies also were obtained
to aid in the understanding of the vortex shedding phenomenon encountered
with two-dimensional bluff-bodies, Measurements were taken at several
approach velocities, free-stream densities and several initial levels

of turbulent intensity. Results from the cold flow eXxperiments are
discussed in Section IV, and & detailed description of the fiber optic
measurement techniques is given in Appendix B.

II-C. FLOW FIELD DOWNSTREAM FROM 2-DIMENSIONAL BLUFF-BODIES

For the Reynolds number range covered in the present experiments the
flow in the two-dimensional near-wake downstream from the cylindrical
body, which includes the recirculation zone, is categorized as sub-
critical. 1In non-reacting flow, the subcritical near-wake regime,which
extends from Reynolds numbers of about 300 to 2 x 105, manifests a
nearly constant Strouhal number, corresponding to a dominant Karman
vortex double-street instability (Ref. 4). The Strouhal number, or
dimensional vortex shedding frequency, is given by

D
Tty (1)

Sh =



Figure la is a sketch of the incompressible near-wake flow for a circular
cylinder, revealing its nonsteady vortex shedding character. The sketch
in Fig. 1b is the equivalent mean flow, which is obtained by averaging
over times which are large compared to the significant periods of the
nonsteady flows, eg., the vortex-shedding period. It has been pointed
out in Ref. 5, that the closure point "r" in Fig. lb occurs in the same
region where the vortices complete their growth and then break away.

In the Reynolds number range from 1500 to 2 x 105, the predominant
phenomenon in the near wake region is the upstream movement of the
transition point along the free shear layers, from near the closure
point to near the separation point, "s" (Ref. 6). However, at a Rey-
nolds number of about 107, the transition point has approached quite
close to the cylinder separation point and the major portion of the
free shear layer in the near wake is turbulent. For Reynolds numbersg
in excess of 2 x lO5 but less than 3 x 106, comprising the so-called
critical flow regime, the vortex shedding is less definite and

regular than in the subcritical regime (Ref. L), and there is strong
sensitivity to free stream turbulence and surface roughness. The
near-wake characteristics enumerated here for a circular cylinder

also are digplayed with other two-dimensional bodies such as wedges,
although the Reynolds number ranges do not necessarily correspond.

The vortex shedding phenomenon which is characteristic of two-dimen-
sional bluff-body flows under nonreacting conditions, has not been
observed in combusting flows (cf., Ref. 7 and results of the present
burner tests). It may be anticipated, therefore, that the nature of
the transport processes in a reacting two-dimensional flow field will
differ from those in cold flow. Nevertheless, detailed cold flow
measurements can be useful in the interpretation and modeling of

hot flow data, and in providing a basis of comparison for reacting
flows.

II-D. TRANSPORT PROCESSES IN THE NEAR-WAKE REGION

In the analytical treatment of transitional/turbulent shear flows,

the local shear stress may be expressed as the product of an eddy
viscosity and the local velocity gradient by analogy with the

laminar flow representation. However, while the molecular viscosity

for laminar flow depends only on the fluid properties, the eddy vis-
cosity is related to the length and time scales which characterize the
transition/turbulence structure of the shear flow. At present, transi-
tional/turbulent flow phenomena are not well-understood so that empirical
hypothyses are used to create a mathematical basis for the investigation
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of such flows. These phenomenological theories lead to a formulation
of the eddy viscosity which may be used with the equations of motion
and a suitable equation of state to determine the local time-average
conditions throughout a flow field.

In any general formulation of the eddy viscosity for two~dimensional
bluff-body near-wake flows, it 1s necessary to consider the body-
related turbulence associated with vortex shedding, the turbulence
initially present in the flow ("preturbulence"), which may be augmented
with the use of mixing aids such as screens, and the turbulence pro-
duced as a result of the interactions between the outer flow and the
wake. In the Reynolds number range of the present cold flow eXperiments,
it may be expected that the body-related turbulence plays an important
role since the well-established vortex shedding produces significant
lateral agitation through periodic distortions of the near-wake region.
At higher Reynolds numbers, in the critical flow regime, the Strouhal
number increases rapidly and the distinctive vortex shedding pattern

is lost. Thus, in the critical flow regime, it is anticipated that
body-related turbulence is less important than free stream-wake inter-
actions which produce shearing stresses of large magnitude which, in
turn, induce high levels of turbulent intensity. The presence of
screens or other mixing aids at any Reynolds number will be effective
in influencing transport only if the levels of turbulence generated
exceed those produced by other competing mechanisms. For any given

set of flow conditions, mixing aid geometry and location, and bluff-
body geometry and blockage, it is likely that only one of the three
turbulence producing mechanisms dominates the transport.

II-D.1. Body-Related Turbulent Transport

For the purpose of developing a formulation of the eddy viscosity for
body-related transport and the associated recirculation zone residence
time, it is convenient to begin with the basic expression,

5//5 =‘W (2)

(see Ref.S8 ). Equation 2 relates the eddy viscosity, €, to a parameter
assoclated with the characteristic disturbance size within the turbulence
field, ﬁ', and the transverse fluctuating velocity or transport velocity,

1

v'. The density 5 is some appropriate reference value for the system
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under consideration. In the spirit of Prandtl's mixing length hypo-
thesis (cf., Ref. 9), it is assumed that the mean of the product of
fluctuating quantities is proportional to the product of the means of
the absolute values of these quantities, ie.,

A —_ e
e/p = —c|v| |7 5)
with the constant ¢ being less than or equal to unity. §Since vortex
shedding is the phenomenon which characterizes the body-related trans-

port process, it is natural to express the transport velocity as,

Vi~ D/t ~ (Sh)ug (4)

where Ty 1s the vortex shedding period and Sh is the Strouhal number.
Furthermore, since the laminar separation process on the bluff body,
the onset of transition in the shear layer and the formation of the
vortex-street must be intimately related (cf., Ref.5 ), then

|2'] ~ xs ~ 85~ D/T/Re (5)

where the Reynolds number is based on the body diamezer and approach
flow conditions. Thus,

(Sh)UeD

VRe (6)

A relationship between the eddy viscosity and the recirculation zone
residence time is established by balancing the quantity of the tracer
material within the zone at steady-state conditions with that which
is transported out of the zone following suspension of tracer flow
into the zone. Thus,

A
€/p~

€EDWT
S (7)

where 7y is the residence time and Vy and A, are the recirculation zone
volume and surface area, respectively. The tracer concentration, Vi
and the zone density, p,, are expected to vary throughout the recircula-
tion zone.



If Eqs. 6 and 7 are combined, there results

TiUo ~<yth>( Vw >~/§
D 5 AwD / {sh) (8)
Thus, for the present cold flow experiments in which Sh is approximately
constant and only a single body diameter 1s considered, it is predicted
that the residence time varies inversely as the square root of the

velocity or since Ua;~/(7v)"l, the residence time varies directly as

the square root of the vortex shedding period. The influence of

density level on T is not immediately obvious due to the unknown

variation of ﬁ in terms of ytﬁ% and Py .

II-D.2. Free Stream - Wake Interaction Transport

Turbulence developed due to interactions between streams having differ-
ent velocities and/or densities typically is characterized in terms of
the velocity difference between streams and the transverse extent of
the mixing (shear) layer (Ref.l0), ie.,

€/p ~ bUs(1-Uw/Us) (9)

where U, 1s some appropriate (mean) wake velocity. Noting that the
slope of the mixing layer may be taken as constant (Ref.9 ), ie., b~L,
it follows that

e - a)

where it has been assumed that Uw<<ﬂlw .

The free stream-wake interaction model can be tested by referring to
the data of Winterfeld, Ref.ll, for three-dimensional bodies in iso-
thermal flow, since no vortex shedding occurs in this case. It was
shown in the cited work that the zone volume and surface area are
proportional to the product of the zone length and maximum width, ie.,

Vw = (0.54—058)L8B,,

Ay = (2.70—=2.90)LBwy

independent of velocity in the range 20 to 80 m/sec, for a circular disc,

9



and 45 deg and 90 deg cones. Thus, at any given velocity, it follows

from Eq. 10 that the residence time ratio for any two bluff-bodies
varies as,

Tty (L/D),

Tt,  (L/D),

Winterfelds data for the range of velocity 20-80 m/sec is given in
Table I. Also indicated in Table I are the residence times computed

from Eq. 1l using the 90 deg cones as a reference, and the error between

obgerved and calculated values. The degree of agreement attained is
considered satisfactory.

10
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TABLE |
RESIDENCE TIMES FOR THREE-DIMENSIONAL BLUFF BODIES

BODY (L/D} — REF 11 /U, — REF 11 CALCULATED 7,/U, ERROR
CIRCULAR DISC 208 0925 11 18%
90 DEG CONE 192 120 120 (REFERENCE) —_
45 DEG CONE 167 1425 138 3%

11




SECTION III

COMBUSTION EXPERIMENTS

ITI-A. TURBULENT FLAME BURNER

The combustion experiments were carried out in a two-dimensional burner
facility, Fig.2 . Methane (Technical Grade) and air (-60°C dew point),
metered by calibrated critical flow orifices, enter a mixing chamber
through an impinging-type injector. Complete mixing of the methane and

air is obtained by flowing the gases through a tightlyv-packed bed of stain-
less steel balls. The methane-air mixture flows through stainless-steel
calming screens, a 25 to 1 contraction-ratio nozzle and a turbulence.
generating screen and enters the test section with essentially a uniform
velocity profile, Fig. 3. Four different turbulence-generating screens,
20-, 60~, 100- and 200-mesh stainless-steel screens, with blockages ranging
from 33% to 54%,were available for use in the present investigation. The
unccooled stainless-steel test sectionm, Fig.1+, is 15 cm long and has a
rectangular cross-section (1.27 cm x 3.81 cm). A wall static pressure

tap, located near the entrance, is used to measure the test-section pres-
sure drop. The test section is fitted with two fused silica windows to
permit visual observation of the flame in the vicinity of the flameholder.
A cylindrical flameholder (0.32-cm diameter) is located in the center of
the test-section cross-section approximately 1.0 cm downstream from the

turbulence generating screen. The flameholder blockage ratio (B, = flame-
holder diameter/test section height) was 0.25. Two different types of
flameholders were used in the investigation -- a solid, stainless steel

rod and a water-cooled, hollow, stainless-steel injecting flameholder
(shown in Fig. k4 ). Most of the experiments were carried out using the
solid-rod flameholder. However, when it was necessary to inject tracer
material into the recirculation zone (as, for example, in the experiments
designed to measure the residence time of gas in the recirculation zone),
the injecting flameholder was used. The injecting flameholder is described
in greater detail in Appendix A.

The range of stable operating conditions for the two-dimensional burner,
using methane-air, is shown in Fig. 5. The solid curve indicates the
range of stable operating conditions (inlet velocity and equivalence
ratio¥) for the uncoocled rod flameholder. For inlet velocities and
equivalence ratios lying within the bounds of this curve, a flame can

¥Equivalence ratio, ¢ = ifuel/mair

[N

m,_.
fuel alr)stoichiometric
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be stabilized in the test section. For inlet velocities and equivalence
ratios lying outside this curve, a flame cannot be stabilized in the test
section. The dotted curve indicates the range of stable operating condi-
tions for the cooled, injecting flameholder (with tracer injection).
Tracer injection results in a significant reduction in the range of stable
operating conditions. No variation in stability limits with the mesh size
of the turbulence-generating screens was observed. The dashed curve shows
the range of stable operating conditions reported by Zukoski and Marble
(Ref)l2) for methane-air in a burner with a flameholder blockage ratio

of 1/32.

Based on the experimental stability limits, a test matrix was established
for combustion experiments. This test matrix, TableIl, indicates the
nominal test conditions (inlet velocity and equivalence ratio) for which
the various experimental measurements were made, The flow visualization
experiments, discussed in Section III-B, were carried out to obtain in-
formation on recirculation zone geometry and flame spreading rates. The
temperature measurement experiments, discussed in Section III-C, provided
information on the temperature distribution in the recirculation zone.
The residence time measurements, discussed in Section III-D, provided
information on the turbulent exchange process between the recirculation
zone and the main flow. The OH concentration measurements, discussed

in Section III-E, were carried out to obtain information on radical
concentrations (OH, O) in the recirculation zone. The NO concentration
measurements, discussed in Section III-E, provided information on the
nitric oxide concentration in the recirculation zone and in the exhaust
gas.

ITI-B. FLOW VISUALIZATION EXPERIMENTAL RESULTS

The volume of the recirculation zone ig an important factor in deter-
mining the amount of nitric oxide produced in the zone. 7For a given
volumetric nitric oxide production rate, the total nitric oxide pro-
duction rate in the recirculation zone is proportional to the volume
of the zone. In the present investigation, a spark-source schlieren
optical system was used to determine the volume of the recirculation
zone located downstream from the flameholder. A schematic diagram
and detailed description of the schlieren optical system are given in
Appendix A.

The sharp concentration and density gradients associated with the flame
surrounding the recirculation zone result in a fairly well-defined

17



TABLE Il
COMBUSTION TEST MATRIX

o}
U 0.8 0.9 1.0 1.1
(M/SEC)
20 F,T,R F,T,R E,T,R F,T.R
OH, NO OH, NO OH, NO OH, NO
- F, TR £.T,R F.T.R F,T.R
OH OH
30 F. T F,T.R F,T,R F,T,R
F,T,R F, T.R F,T.R
40 NO NO NO
50 F, T F, T F. T
60 F F
NO NO

F = FLOW VISUALIZATION

T = TEMPERATURE MEASUREMENT

R = RESIDENCE TIME MEASUREMENT
OH = OH CONCENTRATION MEASUREMENT
NO = NO MEASUREMENT
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recirculation zone boundary, Fig. 6. From spark schlieren photographs,
such as Fig. 6, the length, width and "cross-sectional" area of the
recirculation zone can be determined.

A typical variation of recirculation zone length/flameholder diameter with
inlet velocity is shown in Fig.T7a. Vertical bars through the present
experimental results indicate the uncertainty in recirculation zone length,
resulting from the lack of definition in the recirculation zone boundary.
Results from two other investigations of two-dimensional bluff-body
stabilized flames are shown in Fig.Ta. Wright (Ref.l13) measured recircu-
lation zone lengths for two-dimensional hydrocarbon-air flames stabilized
on flat plates and cylinders,located transverse to the flow direction.
Pein, Peschel and Fetting (Ref.l4) reported recirculation zone lengths

for a two-dimensional propane-air flames stabilized on a triangular rod.
Results from these two studies are consistent with results from the
present investigation and indicate that the recirculation zone length
increases slightly with increasing inlet velocity for the range of
experimental conditions investigated. The recirculation zone length

was found to be independent of the mesh size of the turbulence-generating
screens.

A typical variation of maximum recirculation zone width/flameholder diameter
with inlet velocity is shown in Fig.Tb. Vertical bars through the present
experimental results indicate the uncertainty in recirculation zone width,
resulting from the lack of definition in the recirculation zone boundary.

A result from another investigation of recirculation zones in two-dimen-
sional propane-air flames also is shown on Fig.Tb. The experimental data
indicate that the recirculation zone width is independent of velocity and
the mesh size of the turbulence-generating screen for the range of eXperi-
mental conditions investigated.

The dependence of recirculation zone volume on inlet velocity and equiva-
lence ratio is given in Table IIT and Fig. 8 . The recirculation zone volume
was determined using the recirculation zone "cross-sectional area', obtained
from the spark schlieren photographs, and the test section width, corrected
for boundary layer growth on the test section walls. The vertical bar in
Fig.8 indicates the uncertainty in recirculation zone volume, resulting
from the lack of definition in the recirculation zone boundary. For the
range of experimental conditions investigated, the recirculation zone
volume was independent of equivalence ratioc and mesh-size of the turbu-
lence-generating screen and increased slightly with increasing inlet
velocity.

A careful examination of the spark-schlieren photograph, Fig.6 , reveals
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TABLE il
RECIRCULATION ZONE VOLUME AND FLAME SPREADING RATES

3
Usg{M/SEC) ¢ Vy (M3 TAN @,

21.9 0.83 254 F 0.30 0.066 * 0.07
21.4 0.92 2.45 0.082
21.8 1.01 2.40 0.082
22.6 1.10 2.49 0.086
220 * 1.11 2,62 0.084
26.4 0.80 252 0.066
26.2 0.89 252 0.070
26.4 1.00 2.44 0.076
26.7 1.12 2.61 0.074
31.8 0.81 2.44 0.060
32.5 0.92 2.44 0.070
32.1 1.03 2.40 0.068
31.4 1.10 2.48 0.072
395 0.89 2.59 0.066
40.1 1.00 2.55 0.063
40.1 1.10 263 0.068
402 * 1.10 2.60 0070
51.2 0.93 2.68 0.060
52.2 1.01 2.68 0.059
52.3 1.11 2.76 0.064
62.0 1.00 2.71 0.058
61.2 1,09 2.79 0.066
61.1 * 1.10 2.80 0.062

100-MESH TURBULENCE SCREEN USED FOR ALL RUNS EXCEPT THOSE
MARKED * WHICH USED A 20—MESH TURBULENCE SCREEN
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that, in the vicinity of the flameholder, the flame zone is well-defined
and appears to be laminar. At a distance downstream of approximately

two flameholder diameters, the flame begins to undergo a transition from
laminar to turbulent. The transition is essentially complete at a dis-
tance downstream of approximately six flameholder diameters, and the

flame structure is characterized by random turbulent fluctuations (eddys).
At the smallest Reynolds number investigated (Re = 0.5 x 104, based on
inlet conditions and flameholder diameter), the turbulent transition

point occurred very near the end of the recirculation zone. As the
Reynolds number was increased, the transition point moved upstream

until, at the largest Reynolds number investigated (Re = 1.k x 107),

the transition point appeared to be less than one diameter downstream
from the flameholder. Zukoski and Marble (Ref.l2) have reported similar
wake transition phenomena in bluff-body-stabilized hydrocarbon-air flames.
The gradual change in the flame zone bounding the recirculation region
from laminar to turbulent, with increasing Reynolds number, likely will
affect nitric oxide production in the recirculation region due to changes
in the recirculation zone characteristics.

To assist in the development of an analytical model for nitric oxide forma-
tion in the burner, flame spreading rates in the burner test section were
determined ag functions of inlet velocity and equivalence ratio. These
spreading rates were measured on time-exposure schlieren photographs,
taken using the schlieren system with the spark source replaced by a
Hg-Xe dc arc lamp. These time-eXposure schlieren photographs, Fig. 9,
give a time-averaged picture of the reacting flow field. ZExamination

of Fig. 9 reveals that in the vicinity of the recirculation zone the
flame spreads very slowly. Downstream from the recirculation zone the
flame spreads more rapidly until the flame approaches the test section
wall, where the spreading rate decreases. For present purposes, flame
spreading in the burner is characterized by the maximum flame spreading
rate. This maximum spreading rate is eXpressed in terms of the tangent
of the maximum angle between the leading edge of the flame front and

the direction of the approach flow of unburned gas. While determination
of the maximum angle is somewhat subject to personal interpretation,
several different observers did agree on the angle to within *10%.
Typical experimental results are presented in Fig.1l0, and all measured
flame angles are tabulated in Table ITL. The vertical bars through the
experimental results represent the range of flame angles measured by
several different observers. These experimental results will be discussed
in detail in the section on analytical modeling, Section V.
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III-C. TEMPERATURE MEASUREMENT EXPERIMENTAL RESULTS

The rate of formation of nitric oxide from atmospheric (molecular)
nitrogen is strongly dependent on temperature. Hence, to characterize
the nitrie oxide formation process in the recirculation zone, the
temperature distribution in the zone must be determined. Two different
experimental approaches can be used to measure the temperature of the

hot gas in the recirculation zone -- probe thermometry (eg. thermocouples)
and optical techniques (eg. sodium-line reversal). Probe thermometry can
provide a measure of the local time-mean temperature; however, probe
techniques have the major disadvantage of disturbing the flow field.

This disturbance can be particularly severe for the relatively small-
scale recirculation zones in the present investigation. Optical tech-~
nigues can be used to measure temperature without disturbing the flow
field; however, these techniques can provide only an average-value of

the temperature along the optical path. In the two-dimensional flows,
used in the present investigation, flow properties are essentially
constant across the flow (ie. in the direction parallel to the flame-
holder axis), so that the space-averaging of the optical techniques is
not a serious drawback.

In the present experiments, a modified sodium~line reversal technique

was used to measure the gas temperature in the recirculation zone. The
basic principal underlying the sodium-line reversal technique is that of
matching the spectral brightness of a light source to the spectral bright-
ness of sodium emission from the flame (Ref.l5). At the matching point,
the translational temperature of the flame is equal to the brightness
temperature of the light source (at the wavelength of the sodium emission).
A detailed discussion of the experimental technique used in the present
investigation and a schematic diagram of the optical system are given

in Appendix A.

In the present experiments, two different technigues were used to inject
sodium tracer into the recirculation zone. For most of the measurements,
the solid, uncooled flameholder was used, and & small amount of crystalline
sodium chloride was placed on the downstream side of the flameholder.
During combustion, the salt crystals vaporized, and sodium entered the
recirculation zone by convection. In & limited number of experiments,

the injecting flameholder was used to inject a water/sodium chloride
solution into the recirculation zone.

Temperature measurements were made at four locations in the recirculation
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zone for conditions presented in the combustion test matrix, TableII.
The four locations are illustrated in Fig. 6. At a distance of 0.5 cm
downstream from the trailing edge of the flameholder, the temperature
was measured at three different transverse positions -- positions 1
(centerline), 2 and 3. The temperature also was measured at a second
axlal position on the recirculation zone centerline, approximately
0.75 cm downstream from the flameholder -- position 4. The measured
temperatures are, in fact, volume-averaged values, the volume, over
which the average is taken, being determined by the Image of the mono-
chromator entrance slit in the test section. The approximate cross-
section of this volume, shown in Fig.6, is 0.0l cm x 0.20 cm.

Some typical experimental observations are illustrated in Figs.l1l-13,
and all of the temperature data are tabulated in Table IV. The data
plotted in Fig.ll suggest that, within experimental uncertainty, the
temperature is uniform throughout most of the recirculation zone. The
data in Fig.l2 show that the recirculation zone temperature 1s approxi-
mately 10—15% lower than the adiabatic combustion temperature for the
freestream equivalence ratic. Heat losses to the flameholder and test
section walls cannot account for the low recirculation zone temperatures.
It appears that the low zone temperatures are due in part to un-

reacted fuel in the zone. 1In Fig.l1l3, the recirculation zone tempera-
ture increases with increasing inlet velocity, possibly reflecting an
increase in transport rates due to movement of the turbulent transition
point upstream with increasing velocity. In an investigation of tempera-
ture distributions in the recirculation zone of bluff-body-stabilized
propane —gir flames (Ref.llk), observations similar to those of Figs.ll and 13
were reported. Limited experiments with the injecting flameholder have
shown that tracer injection reduces the recirculation zone temperature by
approximately TSoK. This decrease in temperature can be attributed to
the heat capacity of the water/salt solution injected into the recircula-
tion zone.

III-D. RESIDENCE TIME MEASUREMENT EXPERIMENTAL RESULTS

If the recirculation zone is considered to be a chemical reactor in which
nitric oxide is produced, then the nitric oxide concentration in the zone,
as well as the net nitric oxide production rate, will depend on the rate

of mass exchange between the recirculation zone and the outer flow. Each
gas element entering the recirculation zone will remain there for different
periods of time. The net mass exchange rate may be calculated con-

sidering an ensemble of gas elements with a distribution of residence times.
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TABLE 1V

RECIRCULATION ZONE TEMPERATURES

Uy (M/SEC) ¢ POSITION T(°K)
22.0 0.80 1 1690
21.8 0.91 1 1805
229 1.01 1 1870
23.2 1.00 1 1865
23.2 1.00 1 1855
225 1.10 1 1910
23.3 1.01 2 1850
225 1.10 2 1885
23.2 1.00 3 1845
296 1.10 3 1865
23.2 1.00 4 1880
225 1.10 4 1885
23.1 1.00 4 1810 *
22.7 1.09 4 1805 *
26.2 0.83 1 1725
26.6 0.92 1 1820
26.4 1.00 1 1875
26.6 1.11 1 1920
32.2 0.82 1 1735
321 0.90 1 1830
33.0 1.02 1 1890
30.8 1.12 1 1925
41.1 0.91 1 1835
40.4 1.00 1 1890
41.0 1.10 1 1935
40.8 0.90 4 1850
40.5 1.00 4 1900
40.7 1.1 4 1950
51.1 0.92 1 1840
53.3 1.00 1 1910
52.2 1.10 1 1940

100-MESH TURBULENCE SCREENS USED FOR ALL RUNS

* MEASURED WITH TRACER INJECTION
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Alternatively, it is possible to define a mean residence time for the gas
elements, which is related to the mass exchange rate by Eq. T . For
reasons of simplicity, this latter approach was adopted in the present
experiments . The mean residence time of gas particles in the recircula-
tion zone can be determined by measuring the time decay of an injected
tracer, following rapid shut-off of the tracer supply (Refs. 11 and 16).

If the tracer is well-distributed throughout the recirculation zone and

if the mass exchange rate/unit area 1s essentially constant over the
boundary of the recirculation zone, then the tracer concentration decreases
exponentially with time, with the time constant of the tracer decay identi-
fied as the mean residence time (cf., Appendix B).

The tracer material used in the present combustion experiments was sodium.
In these experiments, a water/sodium chloride solution was injected into
the recirculation zone through the rear of the flameholder. The injecting
flameholder is discussed in detail in Appendix A.

The optical system uged to make the residence time measurements was
essentially the same as was used for the temperature measurements, (see
Appendix A). However, in the residence time experiments, the photomulti-
plier output was displayed on an oscilloscope. The oscilloscope sweep
was triggered on the termination of tracer flow. The experimental pro-
cedure followed in making the residence time measurementg is outlined

in Appendix A.

The residence time data obtained in the present investigation are tabulated
in Table V and are plotted in Fig. 14. The experimental data show that
the mean residence time is independent of the freestream equivalence ratio,
the mesh size of the turbulence-generating screen and the location in the
recirculation zone where the measurement was made. For inlet velocities
greater than 25 m/sec, the mean residence time varieg inversely with the
inlet velocity Uw, according to

T Up =90 (12)
D

where D = flameholder diameter. A similar correlation has been reported
in two previous investigations of exchange processes behind bluff-body
flameholders (Refs. 11 and 16). Results from these two investigations are
plotted on Fig. 14. The data of Bovina (Ref. 16) for two-dimensional
benzene-air flames stabilized on v-gutters are in approximate agreement
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TABLE V
MEAN RESIDENCE TIMES

Uog (M/SEC) o) POSITION 7, (MSEC)
21.8 0.80 1 16.0
21.8 0.91 1 14.5
22.2 1.01 1 14.2
22.1 1.1 1 155
21.6 1.01 1 145+
22.0 1.00 1 14.0%*
22.2 0.99 1 14.1 +
26.1 0.81 1 115
26.0 0.91 1 11.0
26.4 1.00 1 121
26.1 112 1 11.0
31.1 0.92 1 10.0
30.9 1.00 1 9.5
32.0 1.09 1 8.9
40.2 0.91 1 7.2
41.0 1.02 1 7.0
40.1 1.08 1 7.0
410 0.99 1 6.9
41.1 1.00 1 7.1*
40.9 1.01 1 7.0**
4438 0.99 1 65 +
22.0 0.90 4 15.1
22.2 1.00 4 13.7
22.1 1.09 4 16.4

MEASUREMENTS MADE WITH 100-MESH SCREEN EXCEPT
AS INDICATED:

* 20-MESH SCREEN
** 60-MESH SCREEN
+ 200-MESH SCREEN
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with results from the present study. Winterfeld's data (Ref. 11) for
propane-air flames stabilized on axisymmetric flameholders are signifi-
cantly different from the data obtained in the two studies in two-
dimensional flows. This deviation may reflect differences in the flow
fields behind flameholders of differing geometry. For the lowest inlet
velocity investigated, the measured residence times are somewhat longer
than would be predicted by Eq. (12). These longer residence times may
be due to the fact that the exchange process at the low inlet velocity
is dominated by laminar transport while at higher velocities turbulent
phenomena are more important.

The observation that the measured residence times are independent of
measurement location tend to support the assumption of an exponential
tracer decay. The observation that the measured residence times are
independent of the mesh-size of the turbulence-generating screeng indicates
that the freestream turbulence produced by thege screens does not affect
the mass exchange rate between the recirculation zone and the outer flow.
A likely explanation for this result is that the turbulence produced by
the screens decays with downstream distance to the extent that, at the
flameholder position, the screen-induced turbulence is small compared to
the turbulence produced by the shear-layer downstream from the flame-
holder. The burner configuration was such that it was not possible to
closely couple the turbulence-generating screens and the flameholder.
Hence, independent variation of freestream turbulence could not be
obtained in the combustion experiments.

ITI-E., CONCENTRATION MEASUREMENT EXPERIMENTAL RESULTS

Three different sets of concentration data were obtained in the combustion
experiments. In the recirculation zone, the nitric oxide formation rate
depends on the concentration of radical species, specifically 0, OH and
N, in the zone. To obtain an estimate of radical concentrationsin the
zone, the time-average OH concentration was measured at a single loca-
tion in the zone using an ultraviolet absorption technique. The nitric
oxide concentration at two locations in the recirculation zone also was
measured using an ultraviolet absorption technigque. The ultraviolet
abgsorption technique and the experimental procedures used in making the
concentration measurements in the recirculation zone are discussed in
Appendix A. The overall nitric oxide production in the combustor test
section was determined by measuring the nitric oxide concentration in
the exhaust gas using a sampling probe coupled to a time-of-flight mass
spectrometer. The sampling system and experimental techniques used for
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the exhaust concentration measurements are discussed in Appendix A,

ITI-E.1 OH Concentration Measurements

The mean OH concentration in the optical path was determined at a single
location in the recirculation zone (position l) by measuring absorption

of ultraviolet radiation by the ZI1(0,0) band of the molecule. The

measured OH concentrations are tabulated in Table VI, and are plotted

as a function of equivalence ratio and inlet velocity in Fig. 15. The
measured OH concentration is weakly dependent on equivalence ratio, and
attaing a maximum value for stoichiometric mixtures. For the two velocities
investigated, the measured OH concentration was essentially independent of
inlet velocity. Three curves showing OH concentration for several differ-
ent sets of assumptions and conditions also are plotted on Fig. 15. The
OH-concentration curve labeled "equilibrium-nonadiabatic' was calculated

for the freestream equivalence ratios assuming chemical equilibration at

the measured recirculation zone temperature. The curve labeled "equilibrium-
adiabatic" was calculated for the freestream equivalence ratios assuming
chemical equilibration at the adiabatic combustion temperature. The curve
labeled "equilibrium-stirred reactor'" was calculated for a perfectly-stirred
reactor assuming chemical equilibration at the measured recirculation zone
temperature. This stirred-reactor calculation is discussed in more detail
in Section V-A. Comparison of the three calculated equilibrium OH-concen-
tration curves with the experimental data shows that the OH concentrations,
measured in the recirculation zone, exceed OH concentrations corresponding
to any possible equilibrium state. It follows from this observation that
the OH concentrations (and the concentrations of other radical species

such as O and N) in the recirculation zone are kinetically controlled and
hence, an assumption of equilibrium hydrocarbon chemistry cannot be used

to model the nitric oxide formation process in the recirculation zone.

III-E.2 Nitric Oxide Concentration Measurements - Recirculation Zone

The mean nitric oxide concentration in the optical path was determined at
two locations in the recirculation zone (positions 1 and L) by measuring
the absorption of ultraviolet radiation by the ¥(0,0)-band of the mole-
cule (see Appendix A). A similar optical technique has been used to
measure nitric oxide concentrations in several recent investigations of
pollutant formation in combustion processes (Refs. 17-20).

The nitric oxide concentrations measured in the recirculation zone are
tabulated in Table VII, and are plotted as a function of equivalence ratio
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TABLE VI
OH CONCENTRATION

Uy{M/SEC) ¢ Con (1078 MOLE/CM3)
21.6 0.81 20 fos
21.6 0.87 2.3
21.7 091 2.4
216 0.91 238
219 1.01 2.8
218 1.01 3.2
21.7 1.18 2.8
26.4 0.88 2.4
26.7 0.92 2.4
26.7 1.02 3.0

ALL MEASUREMENTS MADE AT POSITION 1 (FIG. 6),
USING 100-MESH TURBULENCE GENERATING SCREEN
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TABLE ViI

NITRIC OXIDE CONCENTRATIONS IN RECIRCULATION ZONE

NO MOLE FRACTION — PPM {V)
U  (M/SEC) © POSITION MEASURED" CALC—EQ CALC - NON—EQ
STIRRED REACTOR| STIRRED REACTOR]
214 0.81 1 NOT MEASURABLE 0.05 4
212 0.90 1 40 £ 10 0.50 19
216 101 1 6515 17 42
21.4 101 1 75 +5 — -~
214 1.00 1 62+5 - -
220 1.10 1 105+ 5 4.1 75
413 09N 1 30+ 15 0.36 14
411 1.00 1 44 £ 10 1.4 35
410 1.11 1 6015 26 47
58.8 112 1 40 + 10 20 42
218 102 1 5515 — -
2186 1.00 1 56+ 5 — —
216 1.11 1 90 +5 - -
* NO MOLE FRACTION CALCULATED FROM
P(MEASURED)

NO MOLE FRACTION - Cyp/

RT(MEASURED)
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and measurement location in Fig. l6ba and as a function of inlet velocity in
Fig. 16b. The vertical bars through the symbols indicate the uncertainty
in the concentration measurement resulting from uncertainties in the cali-
bration, in determination of the mean transmissivity (see Appendix A) in
the combustion experiment and in the measured temperature uged to calculate
total nitric oxide concentration from the measured ground-state concentra-
tion. The experimental data in Fig. l6a indicate that the nitric oxide con~
centration is nearly constant throughout the recirculation zone. However,
the nitric oxide concentrations measured at the downstream axial position
appear somewhat lower than the concentrations measured at the upstream
position. In an investigation of concentration distributions in the recir-
culation zone of bluff-body-stabilized propane-air flames (Ref. 1lk), CO,,

H 0, and O. concentrations were found to be uniform throughout the zone.
T%e nitric oxide concentration in the recirculation zone increases as the
equivalence ratio increases from 0.8 to 1.1. The experimental data in

Fig. 16b show that the nitric oxide concentration in the recirculation zone
decreases as the inlet velocity increases from 20 to 60 m/sec. The solid
lines in Figs. 16a and 16b are calculated nitric oxide concentrations obtained
from various analytical models for the nitric oxide formation process in
the recirculation zone. These models are discussed in detail in Section
V-A.

IIT-E.3 Exhaust Concentration Measurements

The concentration distributions of nitric oxide, methane, oxygen, carbon
dioxide and carbon monoxide in the exhaust gas from the combustion test
section were determined using a traversing sampling probe coupled to an
on-line time-of-flight mass spectrometer. A schematic diagram of the
sampling system and associated data processing equipment is shown in
Appendix A.

Typical species concentration profiles in the exhaust, measured at the

exit plane of the combustor test section, are shown in Figs. 1T7a and 17b.
Fig. 1T7a shows the concentration profiles of methane, oXygen and carbon
dioxide. Fig. 17b shows the nitric oxide concentration profiles. These
data show that there are substantial concentration variations in the
exhaust and that there is a significant amount of unreacted fuel at the
test section exit. An average exhaust nitric oxide concentration can

be determined from the concentration profile in Fig. 17b. Some uncertainty
is introduced in the determination of the average nitric oxide concentra-
tion by the lack of concentration data near the test section walls.

Average exhaust nitric oxide concentrations are tabulated in Table VIII for
a range of inlet velocities and eguivalence ratios.
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TABLE VIII

NITRIC OXIDE CONCENTRATIONS N EXHAUST GAS

U oo {m/sec)

0] AV. NO MOLE FRACTION — PPM (DRY)
21.4 0.81 60 + 15
21,2 0.88 90+ 10
21.5 1.00 128 + 10
21.6 1.10 49 + 156
41.0 0.88 48 + 15
41.1 1.01 62+ 15
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The experimental results, discussed above, can be used to assess the
relative importance of nitric oxide production in the recirculation zone
to overall nitric oxide production in the burner. The mean volumetric
nitric oxide production rate in the recirculation zone is given by

. C M

(mNO/V)w = _rlg%_ﬁo_

where (m_ /V), = mean volumetric nitric oxide production rate in

the recirculation zone (8%/cm3-sec), ENO = mean nitric oxide concen-
tration in the zone (mole/cm3), MNO = molecular weight of nitric oxide
(gm/mole) and T, = mean residence time of the gas in the zone (sec).
A mean volumetric nitric oxide production rate in the burner may be
expressed

L[] Y ‘—r—M
(MNo/V)itot = yNo(%)tot < ’:o )

where yyo = mean nitric mole fraction at the burner exhaust, M =
mean molecular weight of the exhaust gas (gm/mole), m . = total
volumetric nitric oxide production rates in the zone age compared
with overall nitric oxide production rates in Table IX. For the
present experimental configuration, nitric oxide production in the
recirculation zone is not a major factor in overall nitric oxide
formation. This situation is a direct result of the relatively low
temperature associated with the recirculation zone downstream from
the cylindrical flameholder.
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TABLE 1X

RATIO OF NITRIC OXIDE PRODUCTION IN THE RECIRCULATION ZONE
TO TOTAL NITRIC OXIDE PRODUCTION

(m /V)
NO W
U, (M/SEC) ¢ T
(NO )TOTAL
21.4 0.90 0.04
21.4 1.00 0.04
21.4 1.10 0.14
41.0 0.90 0.05
41.0 1.00 0.0¢
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SECTION IV

COLD FLOW EXPERIMENTS

IV-A. TEST EQUIPMENT

IV-A.1l. Test Facility

The investigation of the characteristics of the two-dimensional recir-
culation zone downstream of a cylindrical bluff-body was conducted at the
UARL fluid dynamics test facility (Fig. 18). The facility consists of

a nominal 10 x 10 cm cross-section test chamber in which a two-dimen-
sional cylinder, 1.59 cm in diameter, is installed with its axis normal
to the air flow. Variation of velocity in the range 20-T75 m/sec is
effected by throttling the vacuum exhauster system connected to the
facility. Density levels from 1 atm (1.2 kg/m3) to 1/3 atm (0.41 kg/m3)
are established by installing suitable throttling plates at the facility
inlet to restrict air weight flow.

The cylindrical bluff-body is composed of an outer shell which contains
39 injector ports distributed in three rows at angles of 135, 180 and
225 deg measured from the leading edge, to facilitate injection of &
suitable tracer gas. FEach injector port is 0.132 cm in diameter.
Internal to the (primary) cylindrical shell is a second concentric
cylindrical shell containing matching injector ports. The internal
cylindrical shell is closely machined to fit the internal diameter

of the primary cylindrical shell. In the normal open position injector
ports in both cylindrical shells are aligned, thereby allowing unim-
peded tracer flow through the shell ports into the recirculation zone.
Rotation of the inner cylinder 20 deg seals off all ports in the outer
shell, thereby stopping all tracer flow. Closure is accomplished
through the use of a high speed pneumatic cylinder which has been
calibrated for a closure time of approximately 1 msec. The cylinder
body is traversable as a unit in the transverse (z) direction to allow
the acquisition of data at locations removed from the test section
center-plane (Fig. 19).

An agsembly for installation of screens is incorporated in the desgign
of the test facility at a location 1.25 cm upstream of the cylinder
centerline, as shown in Fig.19. Screens with various mesh spacing

to wire diameter ratios are employed to vary the level of initial free
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stream turbulence in the flow. The mesh spacings and wire diameters

of the screens selected for use in this investigation, and the associated
turbulent intensities measured at two locations downstream of each screen
are given in Table X . Note that intensities vary from a high val ue

of about 11 percent to a low of 3 percent at location "1". This loca-
tion directly downstream of the screen is not significantly influenced

by either the body or the confining walls and, therefore, measured

turbulence levels can be characterized in terms of screen geometrical

parameters. Measurements at a location near the end of the near-wake

region will be discussed later.

Tracer concentration distributions and residence times are determined
using fiber-optic probes (Fig. 20) which consist of a pair of sheathed
bundles of glass fibers. One bundle of fibers serves as a transmitter
and the other as a detector of visible light. The probe is integrated
into a photometer gystem containing appropriate optics and electronic
readout devices. Spacing between the probes is maintained at a value
of 0.32 cm. The fiber optic probes are installed in a traversing
mechanism actuated by a variable-speed electric motor to allow measure-
ments to be taken throughout the near-wake region.

The tracer material used for the optical investigation consisted of

an equilibrium mixture of NOp and NpO) (see Appendix B). Initially,
NHuCl particles were investigated as a possible tracer but the tendency
of this material to coat the surfaces of the fiber optic probe eliminated
it from further consideration.

IV-A.2. Facility Calibration and Operating Characteristics

Flow field uniformity in both the transverse (z) and axial (x) directions
were ascertained from measurements of velocity profiles at several test
chamber axial locations. Velocity profile information acquired at three
approach velocities without screens for pe= 1.2 kg/m3 (Fig. 21) are
typical of these data. DNote that the outer, inviscid flow is quite
uniform throughout the near-wake region. Velocity profiles taken with
the turbulence-producing screens installed displayed a comparable degree
of uniformity.

Turbulent intensities were determined using a constant temperature hot-
wire anemometer (Fig.ez). Hot-wire measurements were gathered at two
locations: (1) x = 0.2 cm, z = 2.5 cm; and (2) x = 3.4 cm, z = 2.5 cm.
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TABL
SCREENS FOR TURBULENCE PRODUCTION

TURBULENT INTENSITIES (%)

SCREEN S (CM) b (CM) S/h U M/SEC) POSITION 1" v
WU ViU, iUgg | V7Ugs
195 9 1 12 1
127 03 625
! 02 575 1 10 9 10
195 - - 11 12
2 127 0160 793 57€ 7 6 - _
3 127 0124 102 195 5 6 10 1
57.5 - - - -
196 5 6 10 1
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Tests were conducted at the two approach flow velocities 19.5 and 57.5
m/sec for each of four screens, which characteristics are given in Table
X .

Mean wire voltages and velocity-component autocorrelations are recorded
from tungsten wire sensors. The 0.0087 cm diameter, 0.25 cm long

wires are mounted in an x-array for operation in a constant temperature
mode using two DISA 55D01 constant temperature anemometers. It was
assumed in the data reduction that the flow was incompressible with
negligible temperature fluctuations.

Turbulence measurements at the two test locations were influenced to
varying degrees by the vortex shedding phenomenon. Data obtained at
position "1" are in good agreement with measurements reported in Ref.
21, as indicated in Fig.23. Since the Ref. 21 data were obtained in
the absence of outside influences, i1t may be concluded that the posi-
tion "1" data are not affected significantly by the presence of the
cylindrical bluff-body. At location '"2", the time variant nature of
the flow is clearly dominated by the periodic vortex shedding. The
turbulence intensity at position "2" is found to be at the high levels
of 9-12 percent independent of which screen is installed. Furthermore,
the measured frequencies of the fluctuations at position "2" are in
agreement with those computed from the expected Strouhal number (Ref.
5), using the body diameter and the velocity at the bluff-body loca-
tion, ie., free stream velocity adjusted by the blockage ratio.

IV-A.3. Instrumentation

IV-A.3i. Fiber Optic System - Quantitative data acquisition in the
cold flow investigation was accomplished using a fiber optic probe
system (Appendix B) consisting of: (1) a fiber optic probe, (2)

an optical photometer system, and (3) data acquisition and display
electronics. The two identical units comprising the fiber optic probe,
(Fig.EO) designated the transmitter and the detector unit, con-

tain approximately 50 drawn glass fibers in a 0.25 cm diameter bundle
encased within a stainless steel sheath. The probe transmits visible
light above a wavelength of approximately 4000A.

IV-A.3ii. Flow Visualization - Flow field characteristics were obsgerved
using the laboratory schlieren system. In this effort, helium was
utilized as the tracer medium to establish large density gradients.
Recirculation zone geometrical parameters were determined from spark
schlieren photographs. In addition, high speed (3,000 - 5,000 frames
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per second) strobographic movies were taken at selected test conditions
to facilitate study of the vortex shedding phenomenon.

IV-B. DISCUSSION OF RESULTS

The test matrix for the cold flow experiments, summarizing measurements
made at each combination of free stream velocity, free stream density
and screen, is contained in Table XI. Four types of test measurements
were made including free stream pitot pressure distributions, recircula-
tion zone geometrical parameters, and tracer concentration distribu-
tions and residence times in the recirculation zone. The matrix was
evolved to ingure that sufficient measurements were made to clearly
define the variations of these major dependent variables.

Figure 24 is typical of the spark schlieren photographs cbtained in

the near-wake region using a helium tracer gas. The photograph indi-
cates two clearly defined regions. Immediately downstream of the body,
extending for a length of approximately two and one-half bluff-body
diameters, is a region which encompasses the recirculation zone. The
intersection of this region with the center plane of the flow can for
all practical purposes be taken as the rear stagnation (closure) point,
"r". A vortex which is being shed from the near-wake region also is
distinguishable in the photograph of Fig. 24. The vortex shedding process
results in significant local agitation of the flow and a marked distor-
tion of that half of the recirculation zone from which the vortex issues.
These vortex shedding effects are more discernable in the sequence of
photographs shown in Fig. 25. No such vortex shedding effects were
observed in the combustion experiments which were extracted from a
high-speed schlieren motion picture of the flow. The recirculation
zone length measured from the trailing edge of the cylinder to the
closure point, and the maximum zone width, determined by doubling the
maximum half-width of the undisturbed portion of the recirculation zone,
are given in Fig. . The independent variable in this figure is the
velocity at the bluff-body location computed from the approach velocity
and the blockage ratio. As can be seen, within the scatter of the
photographic data, no important changes in recirculation zone geometry
occur for the conditions of the present study.

The increase in photometer system light transmission with time following
the cegsation of tracer material injection is shown for a typical case
in the Fig. 27a oscilloscope trace. Information extracted from such
photographs is used to determine relative tracer concentration varia-
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TABLE X1
COLD FLOW TEST MATRIX

P 12 kg/m3 067 ka/m3 041 ka/m3
SCREEN Uy 240 misec 480 m/sec 72 0 misec 240 m/sec 48 0m/sec 72 0 mysec 24 0 m/sec 480 m/sec 720msec
ISEE TABLE VHD)
Re 245x 10% 476 10% 703x 104 136x10% | 260x10% 386 104 081x10% 163x10% | 242x104
NONE TCFR TCFR TCFR ER CFR FR CFR FR
1 TCFR TCFR TCFR R CR R P CR R
2 TCFR TCFR TCFR CR CR
3 TCFR TCFR TCFR R cR R R CcR R
4 TCER TCFR TCFR CcR cR
T PITOT PROBE TRAVERSES
F FLOW VISUALIZATION
C  CONCENTRATION DISTRIBUTION

RESIDENCE TIME
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tions with time by applying the Beer-Lambert Law (Ref. 22), as given
in Appendix B, ile.,

Vi/Y1 = (&I /To)/ (el /o) (03

where the tented parameters are reference quantities. In agreement with
the results from Refs. 11 and 16, the relative tracer concentration is
found to decrease in an exponential fashion with time until most of the
tracer material has been transported out of the recirculation zone

(Fig. 27b). The time required to reduce the tracer concentration to

1/e of its original concentration (the e-fold point) is taken as the
tracer residence time, Te
All residence time data acquired during the test program is provided in
Table XIL Also shown is a residence time parameter, (TtUo/D)TVO‘5, which
according to the analytical development of Section II, should provide

a correlation of the data. Note that the residence time correlation
parameter varies within very narrow limits. This high degree of correla-
tion is indicated more clearly in the Fig.28 presentation of typical
results. No effect of free stream density is apparent indicating that
the correct representation of 6 involves a direct dependence on ~AE; .
Furthermore, no trend is found with free stream turbulence level as
augmented by screens placed immediately upstream of the bluff-body.

In fact, a value of the correlating parameter of 2.4 £ 0.3 is appro-
priate for more than 90 percent of the data gathered, independent of

the conditions of the free stream. This succegsful residence time
correlation supports the view that body-related turbulent transport

is the dominant mechanism for the near-wake region in the sub-critical
Reynolds number regime.

It should be remarked that this finding is somewhat at variance with
the work of Bovina (Ref. 16). In the cited work, TtUo/D was found

to be constant and independent of shedding period, in both cold and
reacting flow experiments with two-dimensional V-ghaped flameholders;
these flameholders were 2 to 6 cm in size, with a 30 deg apex angle.
Evidently, in these experiments, the transport mechanism was inde-
pendent of whether or not a flame was stabilized on the bluff-body,
suggesting that body-related turbulence for V-gutters (assuming vortex
shedding occurs in cold flow) at Reynolds numbers of approximately
lOu, is not significant by comparison with turbulence produced from

66




Uno = 72 m/sec , pog= 12 kg/m3. SCREEN 2

alOSCILLOSCOPE TRACE b} SEM!~LOG PLOT OF DATA
10
<>
W - 07}
25 2 *
28 5 g
ol = 05f
Swe 2 <
a & E
= o4
ag e g - e— FOLD POINT
by g
62 7 8 os3b
- [&]
g: [
a0 3
- é 7, - 14.0 msec
- 02 P 1
TIME 7 — 10 msec/DIV lg
= LAG ASSOCIATED WITH CLOSURE AND
< MEASUREMENT STATION LOCATION
w
«
01 | ] {
0 10 20 30
TIME 7-msec
FIG 27 RESIDENCE TIME DETERMINATION

67



TABLE Xil
RESIDENCE TIMES AND CORRELATION PARAMETER

SCREEN
(SEE TABLE V!II}

b

NONE

12 067 041
- 7410 480 720 240 480 720 240 280 720
| 245x10" | 476x10% | 703x10% | 136x10% | 266x107 | 386x10% | 081x10% | 163x10% | 2424104
24 17 16 22 16 14 26 16 15
v 05 ggcfs 23 24 27 22 22 24 25 22 o6
23 18 15 26 15 14 26 15 13
D G S
24 25 20 21
- 15
21
13 24 14 12
22 22 19 20

NOTE U, U 11 B!
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the interaction between the outer flow and the wake.

Tracer concentration digtributions in the two-dimensional recirculation
zone were obtained by taking axial traverses with the fiber optic probe
at each of five transverse positions of the bluff-body. At each trans-
verse bluff-body position, axial traverses were made both with and
without tracer injection, see Fig. 29. Thus, at any given axial posi-
tion, the output signal with tracer injection, I, can be normalized
with the output signal obtained with no tracer, I,.

Since the absolute magnitude of the tracer concentration in the recir-
culation zone is not particularly meaningful, it is convenient to pro-
vide a normalization with a reference concentration, Qt' For the pur-
poses of the present effort, the reference concentration was taken to
be that concentration found at the test section center plane (z = 0),
1.2 cm downstream of the trailing edge of the bluff-body. This loca-
tion was selected since the recirculation zone and the outer flow

were found to be at the same temperature (to within 1°K - the expected
experimental accuracy) downstream of this location, see Fig. 30.

All axial tracer concentration distributions measured displayed the
features indicated in Fig. 31. Initially, there is a gradual reduc-
tion in concentration to a point approximately one diameter in length
downstream of the bluff-body.

Thereafter, the concentration decreases rapidly with distance according
to

¢ 6
Yi/ Yy X {(x < xL)

where 8, the decay exponent, is found to vary between -1.0 and -1.5 but
with most data indicating a value of approximately -1.3 (Fig. ). An
obvious change in the decay rate occurs at distances from the bluff-
body of 2 to 3 diameters (Fig.32) which correspond approximately to

the longitudinal extent of the recirculation zone. Tracer concentra-
tion data in terms of the decay slope, 6, and the location at which

the slope abruptly changes, XL/D’ are given in Table XIII.

The distribution of tracer material throughout the recirculation zone
is displayed in the contour map of Fig. 33. It is significant that the
transverse distributions of tracer material are quite flat. Evidently,
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TABLE X1

TRACER CONCENTRATION DISTRIBUTION DATA

TRANSYERSE
ENTERLIN 2D 025
POSITION ¢ LINE 2 ZD 050
SCREEN 0., - kg/m3 12 067 041 12 12
(SEE TABLE X) Up M/SEC 240 480 720 480 480 240 240 4890 720
Re 2 454104 476307 703x10% 266x10% 163x10? 2 45x104 2 a5x104 4 76x10% 703x10%
il 129 13 -117 -109 -1562 - - 115 -
NONE
LD 21 20 30 25 27 - - 28 -
i 124 10 ~139 —123 - -123 -117 -109 -
! XLD 30 30 24 - - 31 30 30 -
0 129 -108 - - ~132 -138 - S105 -
! .0 22 21 - - 30 21 - 29 -
0 - 136 - 137 - 127 127 - -
3
*L/D - 22 - - 24 24 _ _
4 i 125 132 1133 137 - - 11 12 131
D 24 23 2y 30 . - 20 20
TABLE XI1l (CONT)
TRACER CONCENTRATION DISTRIBUTION DATA
TRANSVERSE Z0 050 7210 Q18 z0 10
POSITION
SCREEN o kq/m3 067 0 4% 12 12 067 041
(SEE TABLE X U, M SEC 480 480 240 240 720 480 430
Ro 266x10% 163x10% 2 45x10% 245x10% 703x104 266x10% 163x109
f i 38 — — - 156 — —
NONE
*L/o 28 — — — 27 — —
9 123 — 115 14 — —_ _
1
XL/D —_ — 26 265 —_ — —_
, f 13 13 -104 -1 -138 _ —
XD 30 28 23 27 22 — —
3 2] 1135 -123 102 1 — — 1
*L/D 22 34 26 22 — — —
. I} 13 10 — — 121 143 108
XD — 23 —_ — 26 30 30
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the motions within the recirculation zones operate to minimize trans-
verse gradients and, therefore, a conceptually useful model of a one-
dimensional recirculation zone might be appropriate.

It should be noted that the nature of the tracer concentration distri-
butions found in the cold flow study reflect the absence of tracer in
the outer flow. When a flame is anchored to the bluff-body, by con-
trast, chemical species including NO, and heat can move from the flame
into the recirculation zone. Caution should be exercised, therefore,
in applying the cold flow concentration data to the treatment of
reacting flows.
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SECTION V

ANALYTTICAL INVESTIGATION

To assist in the interpretation of the results obtained from the com-
bustion experiments (Section ITI) and to permit extrapolation of these
results to conditions outside the range of the experimental investiga-
tion, an analytical model for nitric oxide formation in the combustor
was developed. This analytical model is comprised of two separate
parts: (1) a model for nitric oxide formation in the recirculation
zone downstream from the flameholder and (2) a model for nitric oxide
formation in the downstream flame as it spreads into the flow. In
the following sections, the details of the two analytical models are
presented and a comparison of the theoretical predictions with experi-
mental results is made. Based on this comparison, certain limitations
of the analytical models axe apparent. These limitations are discussed
and several recommendations for improved combustor modeling techniques
are made.

V-A. RECIRCULATION ZONE MODEL FOR NITRIC OXIDE FORMATION

The experimental results obtained in the combustion experiments indicate
that the gas temperature and species concentrations are essentially
uniform throughout the recirculation zone. In the cold flow experiments,
the variation of tracer concentration in the transverse direction in

the recirculation zone was small, indicating that turbulent transport
within the zone was moderately rapid. However, the observed axial decay
of tracer concentration in the zone suggests that internal mixing rates
are not sufficiently rapid to offset transport of tracer material out

of the recirculation zone. In the combustion experiments, the observed
recirculation zone temperature was found to be approximately 10% lower
than the adiabatic combustion temperature for the freestream equiva-
lence ratio. Furthermore, in both the combustion exXperiments and the
cold flow experiments, the mass exchange rate between the recircula-
tion zone and the outer flow could be characterized by a mean residence
time. 1In the combustion experiments, the wake downstream from the
flameholder was steady and did not exhibit vortex-shedding, as was
obgserved in the cold flow experiments. All of the experimental observa-
tions outlined above are consistent with a model in which the recircula-
tion zone, in the combustion experiments, is assumed to be a steady-
state well-stirred reactor. The well-stirred reactor concept has been
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applied to model the recirculation zone in an investigation of flame
stabilization on bluff-body flameholders (Ref. 23). 1In the following
section, a stirred reactor model for the recirculation zone is developed
based on the analytical approach of Jones and Prothero (Ref. 2L).

V-A.l. 8Stirred Reactor Model for the Recirculation Zone

It is assumed that the recirculation zone is an adiabatic, well-stirred

reactor of volume V(cm3), containing combustion gas at pressure P(atm),

density ¢ (gm/cm3) and uniform temperature T(°K). The overall flow rate

of gas through the reactor is m(gm/sec) and the concentration of species
8; is denoted by ¢; (mole/gm) on input and oj(mole/gm) on output.

. o
m, 0§

o
] V,P,p,T, o
~——

—— om0
The reaction mechanism for the stirred reactor may be written in the
general form

' . . . s . -
where Vs viﬂ are integers representing the stoichiometric coefficients
of species S; in reaction j.

In steady-state operation, the governing equations for the stirred
reactor may be written as follows:

Conservation of Mass

The mass conservation equation for each species S; is given by

.

D (opP- ai)=;z (¥4 = ¥ (R} =R (16)

where R; and R_.: denote the overall forward and reverse reaction rates
of reac%ion j. Eg. 16 states that the difference between the input
and output flow rates of species S; is equal to the net rate of produc-
tion of species S5 by chemical reaction.

The overall reaction rates in Eq. 16 may be written:
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where k., k_j are the forward and reverse rate constants for reaction
J. The general functional form of the rate constant k is:

k =A™ exp (E/RT)

Conservation of Energy

Conservation of energy for an adiabatic stirred reactor may be
expressed by

% % [O'ioHio(To)—O'iHi(T)] =0

(17)
where Hi(To) and H;(T) are temperature-dependent total molar enthalpies
(cal/mole) (sensible enthalpy + chemical enthalpy) of species S; in the
input and output streams, respectively.

Equation of State
The gas in the stirred reactor is assumed to obey the perfect
gas law,
P = PRTO-m (]_8)

where R is the universal gas constant (cm3 - atm/mole - °K) and
Om = 20
i

Egs. 16 - 18 , together with appropriate values for the reactor input
conditions, can be used to determine the composition, temperature and
density of the gas in the reactor. These equations were programmed for
computer solution using a Newton-Raphson iteration technique (Ref. 24).

Use of reactor temperature as a dependent variable led to convergence
difficulties; hence, it was necessary to carry out the calculations for

a specified reactor temperature. In the computations discussed below,
reactor gas compositions and densities were calculated for reactor tempera-
tures encompassing the range of measured recirculation zone temperatures.
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V-A.2 Calculation of Nitric Oxide Concentration in the Recircula-
tion Zone

The stirred reactor model outlined in Section V-A.l has been used to
calculate the nitric oxide concentration in the recirculation zone for
the conditions of the combustion experiments. In making these calcula-
tions, it is necessary to specify: (a) a reaction mechanism, (b) the
reactor input conditions, (c) the reactor temperature and (d) the mean
residence time of the gas in the reactor.

Reaction Mechanism

To calculate the nitric oxide concentration in the recirculation
zone, two reaction mechanisms must be specified: (1) a nitric oxide
formation mechanism and (2) a methane combustion mechanism. In the
present investigation, it is assumed that nitric oxide is formed via
an extended Zeldovich mechanism (Refs. 25 and 26),

K19
O+N2 = NO + N

k.19

N + 0 - NO+0O

1
N + OH - NO + H

The forward and reverse rate constants for Reacticns 19 and 20 were
taken from Ref. 27, and the forward rate constant for Reaction 21 was
taken from Ref.19 . These rate constants are tabulated below

ky = 1.36x 101“ exp(-T75,400/RT) cm3/mole - sec

3.10 x 1013 exp(-334/RT) cm3/mole * sec

IW
—
il

6.43 x 109 T exp(-6250/RT) cm3/mole - sec

N
i
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(20)

(21)



1.55 x 107 T exp(~38,640/RT) cm3/mole -+ sec

B
It

4.0 x 1013 cm3/mole - sec

wW
I

where R = universal gas constant = 1.986 cal/mole°K and T is temperature

(°K).

The nitric oxide formation process in the recirculation zone is coupled

to the hydrocarbon chemistry. Two different degrees of coupling were
congidered in the present investigation. Initially, it was assumed

that the nitric oxide formation process was decoupled from the hydro-
carbon chemistry, and that the C-H-O chemistry was equilibrated prior

to the onset of nitric oxide formation. In the context of this mechanism,
the concentrations of C-H-0 species were assumed to be in equilibrium

at the measured recirculation temperature. As noted in Section III,

the reduced recirculation zone temperature could not bz explainezd in

terms of heat transfer to the flameholder and test section walls.

Longwell et al. (Ref. 23) have measured unreacted Oo in the recircula-
tion zone of bluff-body stabilized flames. In the present experiments,
substantial departures from equilibrium were observed for radical con-
centrations in the recirculation zone. Hence, it seems reasonable to
attribute the reduced recirculation zone temperature to unreacted

fuel in the zone. The equilibrium calculations were carried out assuming
adiabatic conditions with an amount of fuel unreacted so that the equilib-
rium temperature was equal to the measured recirculation zone tempera-
ture. The concentrations of O, OH and Op obtained from this equillbrium
calculation were used, together with Eqs. 19 - 21 , to calculate the
concentration of N and NO in the recirculation zone.

In the combustion experiments, measured OH-radical concentrations in

the recirculation zone were significantly in excess of the concentra-
tions calculated for a stirred reactor, assuming C-H-0 equilibrium,

Fig. 15. This obgervation indicates that the nitric oxide formation
process 1in the recirculation zone may be closely coupled to the hydro-
carbon chemistry. To model the case of coupled nitric oxide formation
and hydrocarbon chemistry, the stirred reactor calculations were carried
out using Egs. 19 - 21 , together with the measured OH concentration
and inferred O-atom concentration. Several investigators (Refs. 28, 29 )
have shown that various rapid bimolecular reactions involving radical
species equilibrate early in the combustion process, prior to attain-
ment of total equilibrium. The partial equilibraticn of these bimolecular
reactions result in the concentrationsof various radical species being
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inter-related. In the present study, the O-atom concentration was cal-
culated from the measured OH concentration by invoking the partial
equilibrium approximation for the rapid bimolecular reaction

OH + OH 2 0 + Hy0 (22)

The O-atom concentration is given by
2
Cy = Kpa(T) Coy /CHQO

where K_,_(T) is the equilibrium constant for Reaction 22 at the measured
recircu%%tion zone temperature. For the conditions of the present
investigation, no significant error in the calculation of the O-atom
concentration is introduced by using the equilibrium water concentra-
tion.

Reactor Input Conditions

The input conditions which must be specified for the stirred reactor
calculations are the temperature and species concentrations in the input
stream. The composition of the input stream is some mixture of burned
and unburned gas, containing some of the radicals and nitric oxide formed
in the flame zone surrounding the recirculation zone. The composition
of the input stream cannot be well-defined since the state of the gas
transported into the zone from the outer flow is not known. Hence, in
the present calculation, the input concentration of all species except
OH, O, N and NO were set equal to the equilibrium values associated
with the recirculation zone temperature. The input concentrations of
OH and O were set equal to their equilibrium valueg in the uncoupled
stirred reactor model and to their measured (or inferred) non-equilibrium
values in the coupled model. For all of the calculations, the input
concentrations of N and NO were set equal to zero.

Reactor Temperature

As noted earlier, use of the reactor temperature as a dependent
variable led to convergence difficulties in the stirred reactor numerical
calculations; hence, in these calculations the reactor temperature was
specified equal to the measured recirculation zone temperature. To
determine the sensitivity of the predicted nitric oxide concentrations
in the recirculation zone, the reactor temperature was varied % 100°K
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from the recirculation zone temperature.

Mean Residence Time

To obtain a solution to the governing equations for the stirred
reactor, a value for the parameter m/V must be specified. For a well-
stirred reactor, the parameter m/V may be expressed as, (Ref. 30)

T
v ~ P

where Ty ig the mean residence time of gas elements in the reactor and
pis an appropriate gas density. In the present computations, the mean
residence time was taken equal to the measured residence time, (see
Section III-D).

V-B. DESCRIPTION OF THE MIXING-COMBUSTION ANALYSIS

A flow diagram of the two-dimensional (x,z) bluff-body flow field to

be modeled is shown in Fig. 3a. Distribution of the velocity, tempera-
ture, and species concentrations in the premixed methane-air stream and
the high temperature near-wake region at the bluff-body location are
assumed to be known. The mixing and chemical reaction between the outer,
cold flow and the inner high temperature wake region is treated by div-
iding the combustor into a large number of stations a distance Ax apart,
and solving the conservation equations in the manner of an Initial value
problem with the conditions at the end of one Ax segment becoming the
initial conditions for the following segment. For a typical problem,
the number of segments usually exceeds 5,000, Within each segment of
the combustor there are a number of streamlines (20-30 for the present
calculations) along which mixing is assumed to proceed independently

of any chemical reaction effects. Therefore, when equations describing
the conservation of mass, momentum, species concentration, and energy
are written for the segment, terms involving the generation of heat

and the production or loss of chemical species are omitted. After the
fluid within the segment has mixed, chemical reaction effects are intro-
duced on the basis of average conditions in Ax. This explicit coupling
procedure hag been adopted in order to avoid excess computation time.

In carrying out the analysis, the pressure is assumed to be a function
only of the axial coordinate, that is, P = P (x). The turbulent shear
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stress in the conservation of momentum equation is taken as the product

of an eddy viscosity and the local velocity gradient in the manner of
Boussinesq (cf., Ref. 10). Lewis and Prandtl numbers are taken equal

to unity,eliminating distinction between the eddy coefficients of momen-
tum, mass and heat. The conservation equations are transformed by the
method of von Mises (cf., Ref. 31) from the physical (x, z) plane into

a coordinate system in which streamlines are parallel, thereby yielding
expressions of the "heat conduction" type. These are subsequently put

in a form suitable for numerical solution by substituting finite difference
approximations for all derivatives.

The solution of the resulting finite difference equations for each seg-
ment, AxX, is obtained for an incremental change in pressure which is
impressed on the flow between the beginning of the segment, where all
conditions are specified, and the end of the segment. The initial con-
ditions typically are given as step profiles of temperature, velocity
and specles concentrations (Fig. 3M@; within the Ax segment, the gas
streams mix at a rate determined by the eddy viscosity which is a
function of flow conditions. Conditions at the end of the segment

are checked for compatibility by employing the conservation of mass.

If inconsistencies are found, the pressure change across the segment

is adjusted and the entire calculation is repeated until mass conser-
vation is obtained.

Chemical reaction effects are coupled into the analysis at this point.
Average values of temperature, pressure, concentrations, and velocity
for all streamlines between the two stations are calculated and a test
is made to determine if methane-air ignition has occurred locally

(see later discussion of Eq. 39). In the event that ignition has

not occurred along a particular streamline, no further chemistry
computations are carried out for that streamline in the segment under
consideration. For those streamlines on which ignition has occurred,
the flow conditions determined for the segment under consideration are
applied to the calculation of the equilibrium composition and tempera-
ture of the methane-air reacting gas mixture. In this calculation,

a successive approximation procedure is used to find the simultaneous
solution of the standard equations of chemical equilibria, conserva-
tion of (atomic) mass, and conservation of energy. Equilibrium CHy,-
air reaction concentrations and temperature are subsequently applied
to the calculation of NO concentration from auxiliary kinetics eXpres-
sions. Finally, conditions at the downstream station are adjusted to
reflect all chemical reaction effects to complete the analytical proce-
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dure. The entire procedure is then repeated between the current station
and the next station further downstream, and so on, until the entire
reacting flow field is mapped out.

Other assumptions used in the analytical development include: (1) per-
fect gases, (2) adiabatic wall conditions, (3) turbulent eddy viscosity

is much larger than the molecular viscosity.

V-B.l. Governing Equations

The system of (n + 6) equations which describes the mixing of variable
density, turbulent streams within the framework of the present model
has been derived by Vasiliu (Ref. 32 ). The well-known turbulent boun-
dary layer assumptions were applied in this derivation. These equationsg
contain the (n + 6) time-averaged unknowns m, (i =1, 2, . . ., n)p,

u, v, P, H, and T, and the eddy viscosity, €. Thus, once the eddy
viscosity 1s specified, all parameters may be determined at every point
throughout the flow field for selected boundary conditions. The govern-
ing equations include the perfect gas law, a relation for the specific
enthalpy, and the following:

Global Continuity:

N e3)
Species Continuity:
pu%+pvég§i-=;€s-§; [zs%n}] (24)
Conservation of Momentum:
du ou  dp € 0 s ou
PUOX TPV Sz TT dx T 78 ez [Z T)?J (25)

Conservation of Energy:

(26)

O o e 9 |5 9H
PUSBY TPV Bz T 8 5z |F
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Area Relation:

In the above equations, § is zero or unity depending on whether a two-
dimensional or axisymmetric flow is being considered.

The transformation of Eqs. 23 through 26 by the methcd of von Mises
requires the introduction of the stream function, ¢ .
limit ¢ to the region O= ¥ = 1 the following defining expressions

fpu(27rz)8 dz = CONSTANT

Z

are utilized for the stream function:

(%)

where G is the total mass flux.

variables

yields:

Species Continuity:

¥ _ pu

0z Gh

oV
ax

X
L

_)8

_ e (22
Gh h

Transforming Eqs. 23 through 26 by
the application of Eqs. 28 and 29 with the nondimensional independent

In order to

(21)

(28)

(29)

(30)

(31)

(32)



Conservation of Momentum:

& - Be 5%— [punzs %] (34)
with p = D/(Gh)?

The parabolic Egs. 32 - 34 were put in finite difference form to allow
their solution by numerical methods on a Univac 1108 computer. This is
equivalent to replacing the continuous flow system by a rectangular
finite grid network having an axial grid size of A¢ and a transverse
grid size ofAy. In general, neither A{ norA Y need be constant. Both
¢ and Y are in non-dimensional form and vary from zero to unity.

V-B.2. Eddy Viscosity Model

Before the system of finite difference equations can be solved, it is
necegsary to specify the variation of the transport coefficient or eddy
viscosity for the reacting turbulent flow downstream of the recircula-
tion zone. From Eq. 3 and again taking the mixing layer width to grow
linearly inthe flow direction, Ref. 9, it follows that

6/,6\ NbUQ_
(35)

where b = 0.27x for b ih/2 and b = h/2 thereafter. A local centerline
velocity, ug » is used to account for the flow acceleration which
accompanies the pressure drop in an enclosed combustor. The reference
density for mixing flows is taken from Ref. 33, with the result,

0.8
€ = C, li:f;ljl:‘ bu¢_ (36)

where ¢y 1s a constant to be determined from experiment.
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V-B.3. Chemigtry

V-B.31. Ignition Delay Time for CH -Air - Once mixing has occurred
between two adjacent stations separated by a distance AX, linear averages
of the dependent variables may be computed on every streamline in Ax and
applied to the determination of the ignition delay time, TID» from data
correlations. The dwell time, AT, defined as

AT = AX/{ (31)

also may be calculated. This quantity i1s a measure of the average time
fluid spends in the region Ax. The ignition delay time corresponds to

the length of the preignition period during which little change in tempera-
ture or speciles concentration occur. Heat generation and conversion of
reactive species occurs at equilibrium following the ignition delay time.

Ignition delay times were found from the high temperature portion of the
CH -air data (Ref. 34 ) presented in Fig. 35. That is, for T =1800°K,

T1p = 6.2X 10722 Cg, 0% Col® exp(44,280/T) (38)

4

where C; denote species concentrations in moles/cc.

The ignition criteria used presumes that ignition occurs on any stream-
line at the axial location where the following condition is satisfied:

1%

T
3 8T 1.0 (39
x T1p
Once ignition has occurred on a given streamline, subsequent reaction
between methane and oxygen is assumed to proceed to equilibrium instantan-
eously.

V-B.3ii. Equilibrium Chemistry Calculation for Fuel-Alr Combustion - To
calculate the equilibrium composition, expressed as a mole fraction, Yis
for each of n chemical species, for a given stoichiometry, temperature,
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and pressure at a station, the following equations must be satisfied:

Material balance: for each of g different atoms present in the n differ-
ent chemical species,

j (40)
y; 20 (i=1,2,...,q)

where N is the total (variable) number of moles of species present in
the mixture, v, is the stolchiometric coefficient for a given atom J
in a given chemical species i (for example, for the hydrogen atom count
in methane, CH , v = 4), and by equals the total number of atoms of |
present in the system as specified by the input stoichiometry.

Free-energy minimization: the chemical potential (Ze., the partial molar
Gibbs free-energy) of the ith chemical species, pj, is given as

pi = 1= RTIn(Fi/Fi°) (4D

where f; is the fugacity of the ith species, and suderscript ° refers to
the standard state of pure i taken as pure gas at unit pressure. Intro-
ducing the assumption of an ideal gas and a perfect mixture, there
results

Bi=H{ + RTInp.

(L2)
in which p; 1is the partial pressure of i in the mixture in atmospheres
Thus, the total free energy, F, of the system is

)
F=N
i:l yl/-L' ()-P3)
or, since pi = y;P, where P is the total pressure in atmospheres,
n
F=NZ y (p’+RTINP+RTIN y,) (Lh)
izl
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The free energy per mole of pure 1, “1 , can be obtained from the litera-
ture where it is tabulated ag a function of temperature up to 6000°K,
Ref. 35. This is the only species property required for solution of
the equilibrium problem. The values of P and T are specified conditions.

Chemical equilibrium is attained when the total free energy of the system
is a minimum. The problem, then, is to determine the set of values,

¥i, which will minimize Eq. L4 , subject to the q constraints of Eq.

40, A computer program developed to solve this system of equations

was incorporated into the present analytical procedure.

V-B.3iii. Nitric Oxide Formation Kinetics - For the present analytical
model, all chemical species with the exception of nitric oxide (NO) and
atomic nitrogen (N) are assumed to be in local chemical equilibrium on
any streamline for which ignition has occurred, ie., where EQ. 3 has
been satisfied. The nitric oxide concentration is determined following
the equilibrium chemistry calculation using equilibrium conditions in
an auxiliary chemical kinetics model.

The kinetics of formation of nitric oxide is modeled using a two-reaction
mechanism (Ref.25):

0 + N2 o NO + N (19)
k
=19
L%
N +0 N NO + O (20)
2 «—
k
-20

Invoking a steady-state approximation for N, the nitric oxide formation
rate may be expressed as,

2
dCNO ZKISCOCNg[l—CNO/KCNZCOZJ

. (45)
dt |+'k-wCN0/kaoC02

where C; = concentration of species i (moles/cm3), j = Torward rate con-
stant of reaction j (cm3/mole- sec), -j = reverse rate constant of reacticn
j (em3/mole-sec) and K = Ky kgo/k 9 oo+ Values for the rate constants
'in Eq. 45 were taken from Ref 27, and tabulated earlier in Section V-A.
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In the present calculations, EQ. 45 was used to calculate the nitric
oxide formation rate assuming that O, Op and Npo are in local chemical
equilibrium. The quantity of NO formed on any streamline in Ax subse-
quently is added to the existing NO produced upstream of Ax, and all
remaining species are adjusted to reflect chemical reaction effects
before proceeding to the next downstream computational station.

V-C. COMPARISON OF EXPERIMENTAL AND ANALYTICAL RESULTS

V-C.l Measured and Predicted Nitric Oxide Concentrations in the Recir-
culation Zone

The stirred reactor model, discussed in Section V-A, was used to compute
nitric oxide concentrations in the recirculation zone for the conditions
of the combustion experiments. The predicted nitric oxide concentra-
tions are tabulated in Table VIII for a range of inlet velocities and
equivalence ratios. In addition, typical comparisons of the predicted
nitric oxide concentrations with measured values are illustrated in
FigS.l6a€md 16b. The equilibrium stirred reactor model predicts nitric
oxide concentrations in the recirculation zone which are subgtantially
less than were observed in the experiment. The non-equilibrium stirred
reactor model, using measured radical concentrations, predicts nitric
oxide concentrations which are relatively close to, although somewhat
less than, the measured concentrations. In the stirred reactor model,
it was assumed that the nitric oxide concentration in the input stream
was zero. The difference between nitric oxide concentrations predicted
by the non-equilibrium stirred reactor model and meé&sured concentrations
may be attributed to nitric oxide formed in the flame zone surrounding
the recirculation zone and transported into the zone.

The non-egnilibrium stirred reactor model correctly predicts trends in

the variation of recirculation zone nitric oxide concentration with eguiva~
lence ratio and inlet velocity. The difference between the predicted and
measured nitric oxide concentrations decreases as the inlet velocity
increases. This trend may reflect an improvement in mixing rates in

the recirculation zone as the flame bounding the zone undergoes & trans-
ition from laminar to turbulent with increasing inlet velocity (see

Section ITI-B).

In two recent investigations of nitric production in stirred reactors

(Refs. 30, 36), observed nitric oxide concentrations were substantially
larger than the concentrations predicted by analytical models which
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decouple the combustion chemistry from the nitric oxide chemistry. Pre-
dicted nitric oxide concentrations obtained from models which couple

the nitric oxide chemistry to a detalled combustion mechanism for hydro-
carbon fuels also were lower than observed concentrations. However, in
both of these investigations, no attempt was made to measure radical con-
centrations in the stirred reactor. Without a measure of the concentra-
tiong of radical species, it is difficult to assess the validity of the
analytical models used in these two studies.

Based on the foregoing observations, it is reasonable to conclude that

a well-stirred reactor is a satisfactory model for the recirculation zone
for the conditions investigated in the combustion experiments, providing
some aspects of non-equilibrium hydrocarbon chemistry are included in

the model.

V-C.2 Meagured and Predicted Nitric Oxide Concentrations in the Exhaust
Gas

The turbulent mixing/reaction model discussed in Section V-B, was applied
to the computation of flame angles and temperature, velocity, and species
concentrations in a two-dimensional combustor containing a cylindrical
bluff-body flameholder (Fig. 3L4a). The four sets of flow conditions listed
in Table XIV were investigated for the geometry of the burner rig. 1In
the absence of definitive information, the inner hot region was assumed
to have the same initial velocity as the outer pre-mixed methane-air

cold flow. The initial temperature and nitric oxide concentration in

the inner hot zone were taken from the burner experimental data discussed
in Section ITI. Similarly, the inital pressure used in the calculation
was taken from measurements at the bluff-body location (Fig. 3k4b).

Gradients of velocity, temperature, and species concentration were taken
equal to zero at the combustor center-plane and at the combustor walls.
As a result, wall boundary layer processes were not properly simulated
in the analytical model.

The first task in the analytical study was the determination of the
constant ¢y in Eq. 36. This was done by varying ¢y in calculations
with test conditions number 2, Table XIV, until predicted and measured
flame spreading angles were in agreement. The constant, ci, was estab-
lished at the value 0.121, which is consistent with the constant den-
sity, two-dimensional jet mixing value of 0.0135 (Ref. 37). Hence, c3

95



TABLE X1V

SUMMARY OF ANALYTICAL RESULTS

TAN & max AV.NO CONC. (PPM--DRY BASIS BY WT.)
CALCULATED MEASURED
TEST U~ (M/SEC) ¢ CALCULATED | MEASURED
CASE X/D =20 44 X/D = 44
1 20 0.778 0.057 - 0.6 - 65 + 15
2 20 0.875 0075 0.075 40 9 96+ 10
3 20 0.972 0.079 0.082 10.0 19 140 + 10
4 40 0972 0.055 0.063 11.0 — 67 + 15
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was fixed at 0.0121 in the remaining analytical effort involving test
cases 1, 3 and L.

Analytical results presented in Figs.36- 39 for test case 2 are typical
of all four test cases. The ignition envelope, which is a curve drawn
through those points in the flow field where the ignition criterion,
Eg. 39, is first satisfied, is shown in Fig.36. For purposes of this
study, the ignition envelope and the flame boundary are coincident.
The calculated flame boundary, in agreement with photographic observa-
tions (Fig. 9 ), initially necks down. Approximately 6 to 8 body dia-
meters downstream from the bluff-body location, the flame begins to
spread into the pre-mixed outer flow, ultimately displaying a growth
which is linear with axial distance. The linear spread of the flame
is conveniently characterized by the maximum flame angle Qe At

a distance downstream from the bluff-body of approximately g% body-
diameters, the analysis predicts that the flame reaches the burner wall.
This behavior,which is at variance with the experimental observation
that the flame bends away from the burner wall, results from in-
correct boundary conditions. It 1s expected, however, that the de-
tails of the flow field are realigtic throughout the burner except

in the immediate vicinity of the burner wall.

Predicted flame angles for the four test cases are given in Table XTIV
and Figs. 10a and 10b. The correct trends of flame angle variation with
approach flow velocity and equivalence ratio are reproduced.

Computed velocity profiles and nitric oxide concentration distribu-
tions throughout the flow field are shown in Figs.37 and 38 . As
expected, the entire flow accelerates in the constant area burner.

The hot, low density inner flow is accelerated more rapidly than

the outer cold flow, however, thereby producing the characteristic
reacting wake flow velocity distribtion. The spread of the flame

into the cold flow is apparent in both Figs. 37 and33. Note that at

an axial distance of X/D = 24, essentially all of the flow has ignited
and the methane-air chemistry is completed. However, nitric oxide
production continues until the end of the burner at station X/D =

Lh (Fig. 39). As a result, the NO concentration doubles in the last half
of the burner test section. The buildup of €O, COy, and NO, in the
reacting methane-air flow can be followed by referring to Fig. 33 It

is predicted, for test case 2, that approximately nine ppm (dry basis

by weight) of NO will be produced in the burner. Nitric oxide production
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levels for the other test cases are listed in Table XIV. 1In general,
the predicted nitric oxide production levels are significantly lower
than the levels measured at the burner exit using a time-of-flight
mass spectrometer.

The analytical model correctly predicts the essential features of the
flame spreading process in the burner. Hence, it is likely that the
predicted distributions in the mean flow properties in the burner,
ie., temperature, density and velocity are reasonably close to the
actual distributions. It is suspected, therefore, that the discre-
pancy between predicted and measured nitric oxide concentrations

can be attributed to two of the assumptions made in the analytical
model. First, in the modeling of the methane-air chenistry, it was
assumed that methane and air react to equilibrium products following
an induction period. Hence, the analytical model does not consider
the possible effect on non-equilibrium radical concentrations on the
nitric oxide formation process. Measurements in the recirculation
zone have shown that radical concentrations are significantly greater
than equilibrium values. In studies in premixed, turbulent, methane-
air flames (Ref.38), radical concentrations in the flame zone were found
to exceed equilibrium values. If radical concentrations in the flame
are greater than equilibrium, then the actual nitric oxide formation rate
will exceed that calculated using equilibrium radical concentrations.
To bring predicted and measured exhaust nitric oxide concentrations
into agreement would require O-atom concentrations mcre than an order
of megnitude larger than equilibrium values. Such ncon-equilibrium
O-atom concentrations are possible, but not likely, cver the entire
range of experimental conditions.

A gsecond asgumption incorporated in the analysis may contribute to
underprediction of nitric oxide production in the turbulent flame.

In the analysis, time-dependence of the flow properties was neglected.
From the flow visualization studies, Section III-B, it is known that
the downstream flame is characterized by turbulent fluctuations and
eddies. The fluctuations in temperature, density, velocity and species
concentrations about the time-mean values, particularly the temperature
fluctuations, can result in an increased nitric oxide production rate.
For the conditions of the present experiments, a temperature fluctua-
tion of #5% can increase the nitric oxide formation rate by approximately
a factor of two.
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SECTION VI

CONCLUSIONS

The experimental results obtained from the present investigation
indicate that nitri ¢ oxide production in the recirculation zone down-
stream from the bluff-body flameholder depends on transport rates be-
tween the zone and the outer flow. These transport rates are strongly
influenced by fluid dynamic phenomena, such as wake transition and
vortex shedding (cold flow). It is essential that these fluid dynamic
phenomena be considered in analytical models of nitric oxide formation
in reacting flows with recirculation.

A stirred reactor model can adequately represent nitric oxide produc-
tion in the recirculation zone downstream from the flameholder, providing
non-equilibrium hydrocarbon chemistry is included in the model. A
conventional eddy viscosity model, based on shear-generated turbulence,
predicts flame angles which are in agreement with experimental observa-
tions. However, predicted nitric oxide concentrations in the burner
exhaust, based on average local temperature, are substantially less

than the measured values. The disgcrepany between predicted and measured
nitric oxide production may be attributed to the neglect of non-equili-
brium chemistry and turbulent fluctuations in the analytical model.

Volumetric nitric oxide production rates in the recirculation zone have
been compared with overall volumetric nitric oxide production rates.

For the present experimental configuration, nitric oxide production in
the recirculation zone is not a major factor in the overall nitric oxide
formation. This situation is the direct result of the relatively low
temperature associated with the recirculation zone downstream from bluff-
body flame stabilizers. It is expected that nitric oxide production

in recirculation zonegs in practical combustion devices, such as furnaces
and gas turbines, will be significant since the recirculation zone
temperatures in these devices more nearly approach the adiabatic combus-
tion temperature. The stirred reactor model for the recirculation zone
indicates that an increase in temperature of approximately 100°K would
increase the nitric oxide production rate by approximately a factor of
five. DBased on present results, the bluff-body flameholder appears

to be an attractive method of flame stabilization from the standpoint

of nitric oxide emissions.

Results from the present investigation point to the recirculation zone
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as a major factor in nitric oxide production in practical combustion
devices. The results indicate that combustor fluid dynamics strongly
influence nitric oxide production rates in recirculation zones.
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SECTION VIIT

NOMENCLATURE

Pre-exponential factor

Recirculation zone surface area, cnf
Absorption coefficient

Recirculation zone maximum width

Blockage ratio, D/h

Screen wire diameter, cm

Total number of atoms of species j present
Concentration of species 1, moles/cc
Constants

Cylindrical bluff-body diameter, cm
Spacing between fiber optic probe units, cm
Activation energy, cal

Total free energy, kcal

Fugacity of species i, atm

Mass flux, gm/cmz-sec

Specific enthalpy, kcal/mole

Test section height, cm

Intensity

Equilibrium constant of reaction j
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Rate constant of reacticn j
Recirculation zone length, cm

Molecular weight of species 1, gm/mole
Mass flow rate, gm/sec

Magss fraction of species 1, gm i/gm mixtures
Total number of moles of species present, mole
Molar flow rate of species i, mole i/sec
Total number of species

Pressure, atm

Partial pressure, atm

Number of different atoms present
Universal gas constant

Rate of reaction j

Reynolds number

Denotes closure point

Screen mesh spacing, cm

Species 1

Strouhal number

Denotes separation point

Temperature, K

Specific velocity designation, m/sec

Axial velocity, m/sec
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Fluctuating transverse velocity, m/sec

Volume, cc

Transverse velocity, m/sec

Fluctuating transverse velocity, m/sec

Width of test section, cm

Axial distance from bluff-body, cm

Mole fraction of species i, mole i/mole mixture

Transverse distance, cm

Flame angle, deg
. 2
Defined as D/(Gh)

Exponent for two-dimensional (8§ = 0) or axisymmetric
(8=1) flow

Eddy viscosity, gm/cm—sec
Nondimensional transverse coordinate
Slope of tracer concentration distribution
[¢]
Wavelength, A
Partial molal Gibbs free energy of species i, kcal/mole

Stolchiometric coefficient for species i in chemical reac-
tion j

Density, kg/m3
Specific molar concentration of species 1, mole i/gm—i

Time, sec
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AT Dwell time, sec

Tt Residence time, sec

¢ Equivalence ratio (%/%9/(%/%)stoichiometric
¥ Stream function

5 Nondimensional axial coordinate

w

. . -1
Exponent in rate equation or wavenumber, cm

Subscripts

a Air

f Fuel

1D Ignition delay

m Mean value

ma.x Meximum value

NO Nitric Oxide

ol Initial

t Tracer

tot Total

v Vortex shedding

W Recirculation zone
® Free stream

Other

(A ) Reference quantity
(__) Average quantity
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APPENDIX A

EXPERIMENTAL TECHNIQUES IN THE COMBUSTION EXPERIMENTS

A.l1 TFlow Visualization Techniques

The flow visualization measurements, discussed in Section IIT-B, were made
using the schlieren optical system shown in Fig. A-.]1. The light source
used for the spark schlieren measurements was an air-gap spark with a 3-psec
duration. The knife-edge, used in conventional schlieren systems, was
replaced in the present experiments by a 0.16-cm diameter circular aperture
(pinhole). Use of the circular aperture permits measurement of refrac-
tive index gradients in both transverse and axial directions and facili-
tates determination of the recirculation zone boundary. The light source
used for the time-exXposure schlieren measurements was a 200 watt Hg-Xe

dc arc lamp (Hanovia 901-Bl). The schlieren photographs were recorded on
L" x 5" Polaroid 3000 film.

A.2 Modified Sodium Line Reversal Technique

The optical system used to make measurements of temperature and residence
time in the recirculation zone 1s shown in Fig. A-2. Light from a tung-
sten filament lamp passes through the burner test section and enters a
monochromator (McPherson Model 235) set on the 58901& sodium D-line. The
intensity. of the lamp and sodium emission from the flame at 5890& is moni-
tored by a photomultiplier (EMI 9558 BQ). The signal from the photo-
multiplier is fed to the y-axis amplifier of an x-y plotter (Houston Series
2000). The lamp current, and hence the brightness of the lamp, can be
automatically ramped from zero to a maximum value, corresponding to a

lamp brightness temperature of approximately 2L00°K. A signal, propor-
tional to lamp current, is fed to the x-axis amplifier of the x-y plotter.
The optical system is calibrated to give the lamp brightness temperature
as a function of x-aXis voltage by manually ramping the lamp current and
measuring the brightness temperature of the filament using an optical
pyrometer. To minimiZe errors resulting from losses in the focusing
optics and test section windows, the calibration 1s carried out using
essentially the same optics as are used to make temperature measurements,
Fig. A-2. The brightness temperature of the lamp at 5890& is determined
from the calibration carried out at 655055 using the correction factors in
Ref. 15.
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A.2.1 Experimental Procedure for Temperature Measurements - With no flow
in the test section, the lamp current was manually se7 to its maximum
value, and the brightness temperature of the filament was measured using
the optical pyrometer. This measurement served to confirm the validity
of the temperature-lamp current calibration. The lamp was ramped auto-
matically to zero current, and the corresponding intensity (y-axis) --
brightness temperature (x-axis) curve was traced out by the x-y plotter,
Fig. A-3. The lamp current was reset manually to its maxXimum value, and
combustion was initiated in the burner. After steady-state conditions
were established in the burner, sodium tracer was continuously injected
into the recirculation zone. With the lamp set at its maximum brightness
temperature (~2400%), injection of sodium tracer results in a decrease
in the lamp intensity, as observed by the photomultiplier, due to absorp-
tion of lamp radiation by sodium in the flame. The lazmp was ramped auto-
matically to zero current, and the corresponding intensity-brightness
temperature curve was traced out by the x-y plotter, Fig. A.3. At the
zero lamp current, the observed intensity, with sodium tracer, is the
gsodium D-line emission. The point where the curve with combustion inter-
sects the curve with no combustion is the reversal point, and the flame
temperature may be determined directly from the X-coordinate of the inter-
section. Following completion of the combustion run, the intensity-brightness
temperature curve was determined again, with no flow, to verify the lamp
calibration.

To assess the validity of the optical temperature measurement technique,
temperatures measured near the flame zone in premixed methane-air flames

on a Meker-type burner using the sodium-line reversal technigue, were com-
pared with temperatures measured using small, coated Ft/Pt-Rh thermocouples.
The temperatures measured using the two techniques, after a suitable radia-
tion correction was applied to the thermocouple measurements, were the same
within experimental uncertainty (¥250¢).

A.2.2 Experimental Procedure for Residence Time Measurements - Residence
times of gas in the recirculation zZone were determined by measuring the
decay of injected tracer, following rapid shut-off of the tracer supply.
The tracer material used in the present combustion experiments was sodium.
In these experiments, a Water/sodium chloride solution was injected into
the recirculation zone through the rear of the flameholder. This injecting
flameholder consisted of two concentric stainless-steel tubes, each having
a series of small holes drilled through the wall facing in the downstream
direction. A water/sodium chloride solution flowed through the inner tube
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at all times. If the holes in the two tubes were aligned, by sliding the
inner tube along its axis, a small amount of the water/sodium chloride
solution could flow into the recirculation zcne. If the inner tube was
again moved along its axis, so that the holes were no longer aligned, the
tracer solution flow into the recirculation zone stopped. The injecting
flameholder was set to the open position by a solenoici-actuator, Fig. L,
pulling against a pre-loaded spring. When the solenoid was de-energized,
the pre-loaded spring rapidly moved the inner tube, shutting off the
tracer supply. The calculated closing time of the injecting flameholder
was 1.5 msec.

The optical system used to make the residence time measurements was essen-

tially the same as was used for the temperature measurements. However, in

the residence time experiments, the photomultiplier ouvtput was displayed

on an oscilloscope (Tektronix 545B). The oscilloscope sweep was triggered

on the closing of the solenoid-actuator. The 10-90% risetime of the photo-
multiplier/oscilloscope combination was approximately 10 usec.

Prior to an experiment, the tungsten filament lamp current was set to its
maximum value. After steady-state combustion was established in the
burner, the solenoid-actuator was energized, thereby turning on the tracer
flow. After steady tracer flow was established, as evidenced by a rela-
tively constant absorption of the tungsten lamp emission by the sodium

in the recirculation zone, the solenoid-actuator was de-energized shutting
off the tracer flow and triggering the oscilloscope. The resulting
absorption decay curve was displayed on the oscillosccpe and recorded on
Polaroid film. A typical experimental trace is shown in Fig. AL. As the
tracer concentration in the recirculation zone decreased, the observed
absorption of the tungsten lamp emission decreased. The absorption data,
Fig. A-h, can be plotted on semi-logarithmic paper, Fig. A-5. Following an
initial period ( ~1 msec) associated with the shutting off of tracer supply,
the observed absorption decays nearly expontentially in time, with a
characteristic time constant of 8.9 msec. In the residence time experi-
ments, the maximum abosrption by the tracer material (atT =0) was approxi-
mately 5% of the incident lamp intensity. For these low levels of absorp-
tion, the absorptivity is directly proportional to the tracer concentra-
tion, and the characteristic time constant of the absorption decay curve,
Fig. A-5 may be equated to the mean residence time. In the temperature
measurement experiments, injection of the tracer solution into the recir-
culation zone reduced the temperature by approximately 75°%K. This rela-
tively small reduction in recirculation zone temperature (less thanVS%)
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suggests that the tracer flow is sufficiently small so as not to signifi-
cantly perturb the flow pattern in the recirculation zone. Hence, it is
reasonable to assume that tracer injection does not have a significant
effect on the mass exchange rate.

A.3 Ultraviolet Absorption Technigue

The concentration of OH and NO in the recirculation zone was measured using
an ultraviolet absorption technique. A schematic diagram of the optical
system used to make these concentration measurements is shown in Fig.A-6.
Radiation from a 1000-watt, Hg-Xe dc arc lamp (Hanovia 528 B-1) passes
through a beam splitter, a l3.8_cps chopping disc and is focused in the
center of the combustor test section. A spherical mirrocr, located on the
opposite side of the test section, reflects the beam back through the test
section. The return beam passes through the chopper and is reflected by
the beam splitter into a lens which focuses the beam on the entrance slit
of a grating monochromator (McPherson Model 235). The light intensity at

a specified wavelength is monitored by a photomultiplier (EMI 9558 BQ). The
output signal from the photomultiplier passes through a phase-sensitive
amplifier, synchronized +to the chopping frequency. The dc output of the
phase-sensitive amplifier, which is proportional to light intensity, is
displayed on a chart recorder (Hewlett-Packard T100B). Use of the two-
path optical system, coupled with phase-sensitive detection, greatly
enhances the ability to measure small absorption signals, and hence small
concentrations of absorbing species.

A.3.1 OH Concentration Measurements - The mean OH concentration at a
single location in the recirculation zone (position 1) was determined by
measuring the absorption of ultraviolet radiation by the £- n(0,0) band
of the molecule at 3080&. In a previous experimental investigation
(Refs. 17 and 19) the optical system was calibrated to permit measurement
of OH concentration.

A.3.2 Nitric Oxide Concentration Measurements-- Recirculation Zone - The
mean nitric oxide concentration at several locations in the recirculation
zone was determined by measuring the absorption of ultraviolet radiation

by the ¥(0,0)-band of the molecule. A similar optical technique has been
used to measure nitric oxide concentrations in several recent investiga-

tions of pollutant formation in combustion processes (Refs. 17-20). In the
present investigation, the optical system was calibrated by flowing known
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mixtures of NO (CP Grade) and N through the test section, scanning the
monochromator over the Wavelength range 2200- 23OOA.and measuring the
absorption by the?¥ (0,0) band near 2260A. In these calibration runs the
nitric oxide mole fraction in the gas stream was varied from 5.0 x 10-3

to 8.0 x 10=2. A typical absorption spectrum, obtained from the cali-
bration experiments, 1s shown in Fig. A-7. In this spectrum, the rota-
tional structure and the sharply-defined band heads have been smeared

by the slit function of the monochromator. The cbserved absorption spec-
trum was processed using a recently-developed analytical technique (Ref.
39), to remove some of the effects of slit-broadening. Using the processed
(de-convolved) absorption spectrum, shown in Fig.A7, an average absorption
coefficient for the ¥(0,0) band was defined by

a = L [ﬂn(é%_ [ E% dw)] (
v=0 W A-1)
C w I
NO ! A W
where a = average absorption coefficient (cm /mole = nitric oxide
concentration in the ground vibrational state mole/cm ? = 2 X test

section width (em), Aw= width of the absorption band (cm‘l) and Iu/IS =
transmissivity at wave number w. There are two major uncertainties in

the optical system calibration. The first uncertainty is introduced by
imprecise determination of the extent of the absorption band,Aw, (Ref. 40).
At low nitric oxide concentrations, the short-wavelength tail of the absorp-
tion band, Fig.A-T, cannot be accurately distinguished from system noise.

To reduce uncertainties associated with imprecise determination of Aw, the
average transmissivity, Eq. A-1l, was calculated for a bandwidth corresponding
to lO% of the maximum absorptivity. Using this arbitrary definition forAw,
room temperature values of the average absorption coefficient were obtained
which were essentially constant for the range of nitric oxide concentrations
in the calibration experiments. The second major uncertainty in the opti-
cal system calibration is associated with extrapolation of the room tempera-
ture values of average absorption coefficient to the temperature range of
the combustion experiments -- 1600 to 2000°%K. The high temperatures and

low densities associated with the recirculation zone in the combustion
experiments produce changes in collisional and Doppler broadening of the
rotational lines in the ¥ (0,0) band. However, for the present experimental
conditions, collisional and Doppler broadening of the ¥(0,0)-band are not
significant compared with instrument broadening. Hence, variations in

the average absorption coefficient with temperature are neglected. At
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elevated temperatures only a fraction of the nitric oxide molecules are

in the ground vibrational state. To calculate the total nitric oxide con-
centration from the measured ground-state concentration, the nitric oxide
was assumed to be in thermal equilibrium at the measured recirculation
zone temperature.

A4 Exhaust Concentration Measurement Technique

The concentration distributions of nitric oxide, methane, oxygen, carbon
dioxide and carbon monoxide in the exhaust gas from the combustion test
section were determined using a traversing sampling probe coupled to an
on-line time-of-flight mass spectrometer. A schematic diagram of the
sampling system and associated data processing equipment is shown in

Fig. A8. The water-cooled, stainless-steel sampling probe rapidly
quenches the gas sample by an aerodynamic expansion across a choked
0.01l5-cm diameter orifice. A photograph of the sampling probe in the
combustor exhaust is shown in Fig. A-9. The quenched gas sample passes
through & heated, stainless-steel sample line to the inlet valve of the
mass spectrometer. The sample line wall was held at a constant tempera-
ture of 12500, and the sample line pressure was maintained at 3.00 10.05
torr. The time-of-flight mass spectrometer, used in the present investi-
gation, is a portable, high-resolution instrument (United Aircraft Research
Laboratories TOF-40). The output signal of the mass spectrometer is pro-
cessed by a waveform eductor (Princeton Applied Research TDH-9) to enhance
signal-to-noise ratio. The waveform eductor stores the processed mass
spectra, which may then be displayed on a chart recorder (Hewlett-Packard
7100B) following completion of the experiment.

Prior to making exhaust concentration measurements, the probe sampling
system and mass spectrometer were calibrated. This calibration was
carried out by flowing known mixtures of methane, carbon dioxide, carbon
monoxide, oxygen, nitric oxide and nitrogen through the test section and
measuring the mass spectra of the gas at the test section exit. From the
known mixture composition and the observed mass spectra, mass discrimina-
tion effects in the sampling system and the fragmentation patterns for
various species of interest were determined. Mass discrimination effects
and fragmentation patterns are required if a unique determination of
exhaust gas composition is to be obtained from the measured mass spectra.

Although the mass spectrometer, used in the experimental study, is a high-
resolution instrument, nitric oxide concentrations in the exhaust gas were
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sufficiently small so that the primary nitric oxide mass peak (m/e = 30)

was overlapped to a certain extent by the m/e = 29 isctope of molecular nitrogen,
Fig. A-10a. To improve the effective resolution of the mass spectrometer for
nitric oxide, the mass spectra in the range m/e = 28-30 were processed

using the analytical deconvolution technique previously discussed. The

processed (de-convolved) spectra are shown in Fig. A-10b.

In the combustion experiments, the mass spectra of the exhaust gas was
determined in the range m/e = 12-Lhk. Many of the observed mass peaks in
this range are not unique to & single species -- for example, m/e = 16

has components due to methane, oxygen, carbon dioxide, carbon monoxide and
water. Hence to determine a unique exhaust gas composition, the observed
mass spectra must be processed to account for overlapping mass peaks. To
facilitate data processing a computer program was developed which uses
standard analytical techniques (Refs. 41 and 42) to extract a unique com-
position from the observed mass spectra.

The principal mass peak for nitric oxide is m/e = 30. Of the major species
present in the exhaust, only nitrogen and carbon monoxide make significant
contributions to the observed m/e = 30 peak (due to the N%5 and 012018 iso-
topes ). Minor species which would contribute to the m/e = 30 peak, if
present in the exhaust, include formaldehyde (HECO) and ethane (CpHg). The
observed mass spectra show that the concentrations of ethane and formal-
dehyde in the exhaust gas are below the detection threshold (= 20 ppm (v)).
Hence only contribution of nitrogen and carbon monoxide to the m/e = 30
peak must be accounted for. The carbon monoxide concentration in the
exhaust was estimated from the measured methane and carbon dioxide con-
centrations through a carbon balance. The carbon monoxide mole fractions,
inferred in this manner, ranged from O to 0.02. The correction on the

m/e = 30 peak for contributions from isotopic nitrogen and carbon monoxide
were in the range of 10-25 ppm (v).

To ascertain if nitric oxide is reduced to No in the stainless-steel
exhaust probe and sampling line in the presence of fue., known mixXtures
of nitric oxide and methane were sampled. Negligible depletion of nitric
oxide in these samples was observed.

128



FIG. A-10a

TYPICAL OBSERVED MASS SPECTRA OF THE COMBUSTOR
EXHAUST IN THE RANGE m/e = 28—-30.

FIG. A-10b
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APPENDIX B

FIBER OPTIC MEASUREMENT TECHNIQUES IN THE COLD FLOW EXPERIMENTS

The fiber optic probe system (Fig.B-1) consists of: (1) a fiber optic
probe, (2) an optical photometer system, and (3) data acquisition and dis-
play electronics. High intensity light for the fiber optic probe system
is made available from a tungsten-halogen projection lamp powered by a
regulated dc power supply (Kepco model JQE-15-12(M)). The light output
from the lamp is directed to a narrow band pass optical filter (Baird-
Atomic 460 B9/450 B5) which passes light in the range 4550-4690 _X, a wave-
length range near optimum for absorption by the NO5-N,0) tracer material.
The filtered light is channeled into the test chamber via the transmitter
unit of the fiber optic probe. Subsequently, a fraction of the light is
absorbed by the tracer material and the remainder is channeled through the
detector unit of the probe to a photomultiplier tube (RCA 6199) powered by
a high voltage dc power supply (Fluke model 412B); photomultiplier tube
operation typically is at 750 volts.

Photomultiplier system output is displayed simultaneously on a Hewlett
Packard digital volt meter and a cathode oscilloscope ( Tektronix 531A).
Oscilloscope traces are recorded photographically using a Polaroid camera.

The optical efficiency of each component in the optical photometer system
as a function of wavelength is given in Fig.B-2. The total system response
of approximately 10 percent of the input light intensity was obtained by
multiplying all component efficlencies at each wavelength.

The light absorption by the tracer material is a function of the absorption
coefficient, a, the tracer concentration, yi, and the spacing between the
transmitter and detector units of the fiber optic probe, d, according to
the Beer-Iambert law (Ref. 22):

I/Io = exp(~q.d-y;) (B-1)

An increase in any of the three parameters contained in Eq. (B-1) will
result in increased absorption; however, only the absorption coefficilent
varies with wavelength.

130



The tracer material used for the optical investigations consisted of an
equlllbrlum mixture of NO, and NpOj. According to Ref. MB absorption
above 4000 R is due exclusively to the concentration level of NOp. Hence,
increasing the amount of NO2 in the tracer mixture by raising the tempera-
ture to shift the equilibrium to favor NO, production results in increased
absorption. The equilibrium composition of NOE-NEOA mixtures is given in
Fig.B-3aas a function of temperature. In order to establish satisfactory
absorption levels for the current experiments, it was necessary to operate
at elevated temperatures, see Fig.B-3b.
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