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An anzlytical and experimental study is being conducted to prozote an under-
standing of the processes governing the emission characteristics of continuous
combustion power sources and thus provide a basis for reducfng ad
cavironzmental effects and for controlling pluze signztures resu
aircraft operations, The wmodeling development can, in addition
adapted to dump combustor and gas turbine cocbustica. The configuration choscn
for the study is an opoosed-jet laboratory combustor (0JC). Three numerical
programs are used for modelflng purposes. The current year has cophasized the
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‘Audllty and range of applicability of the numcrical mcthods for the case of
isotherral flow., Eddy viscosity models and boundary condition specification

have received the grearcst emphasis in a series of systematfc test of prediction
against eapericent, The aumeriral wethods are currently being expaunded to
include propanc o5 well as methane onidation kinetics, Evaluatlon of the numeric
codes for the case of hot, rcacting flow will be the emphasis of the continuation
year, Prcheat capability has been added to the experimental dicension of the |
study. In additicn, cxtensive cvaluation of chemical transformation of nitrogen
oxides while sampling combustior products is in progiess.
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' Preface

o K
.

.

This second Interim Scicntific Report covers the

e twelve (12) ncenth reporting period, 1 May 1976 to 29
February 1976. The first ten months of the research
program verc structured to accomnocdate (1) modification
and testing of the experimental system, (2) nodification
of the nunmerical methods to the geometry of the opposed
reacting conbustor, (3) expansion of the nunerical
methods to inciude multicomponent reacting flow and,
(4) initiation of the cold flow numerical and experi~
mental studies. The current reporting period covers the
subsequent twelve (12) nonth period and includes (1)
the test of the numerical methods against experiment
for the casec of isothermal flow, (2) expansion of the
numerical methods to include propane oxidatfion kinetics
in addition to methane oxidation kinetics, (3) expansion
N of the experimental facility to include air preheat capa-
- bilfiry, (&) generation of a broad, experimental data base
& for the cases of isothermal and hot flow, and (5} an

in depth exploration of chemical transformations that may

g £ L s B et

g idA

B occur in probes and lines used to sample and transport
3 nitrogen oxides.
H The progress of the second reperting pericd is present-
E ed and accompanied by a description of the progress
2 anticipated for the continuatiorn year.
. ;
3
b=
3
E
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1. INTRODUYCTION

An inmportant catcgory of combustion {5 designated
continuous combustion because of a characteristic feature
of uninterrupted, chemically reacting backmixed flow. The
backaixing serves as 3 mechanism for flame stabilization.
Partially or completely reacted species are batkmixed with
fnconing fresh reactants to provide the cnergy nccessary to
suata;n the recaction. Power systems that operate on the
principle of centinuous combustion include cas-turbinc
engines and dump combuetoxrs. As stown by .a> «haesctic
representation of a gas turbine combustor fa Figuy~ 1,
backmixing of r2active specfes can be generated down stream

of the expzv<ion s~ep (zone 3) and at the axis due to swirl

faparted ¢o ¢35 entering fiow (zone M.

i. . Yhe Need for Predictire Metheods

Engineering degcisgn of continuous combustion devices has

s1edilionally focuser on vverall thermodynamic efficiency,

heat transfer races &nd -ower production. Present operating

constraiuts (e.g. cxhaust composition and fuel economy) have

procpted a more detalled study of the processes occurring within

the conbustion zone. The nore detailed studies can be greatly

facilitated by the application of predictive mcthods to evaluate
combustion behavior, and the reifned insight provided by point-
by-point predictions of concentration, tempcrature"and velocity

can be especially valuable. The development of combustion

nodeling capabilities is also cconomically advantagcous in
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that accurate predictions of coabustion performance would
. reduce the necd for costly cexperimental development programs.

The General Problem in Modeling Turbulent Flows. The

conbustion processes occurring in continuous systems represent
a complex interaction of chemical kinetics, heat transfer,
mass diffusion and fluid mechanics. The dectailed analyses of
conbustion-chanber flows generally incorporate machematical
sub-nodels of the chemical and turbulent transport processes

; in 2 suitable numerical framework for solving the governing
conscrvation equations. Stemning from the 1ac£ of a detafled
knowledge to turbulcnce-conbustion fnteraction, a primary
problen in mcdeling any practical combustion system is to
adequately account for the influence of turbulent fluid metions

on the heat and mass transfer and on the chemical reactfion rates.

The Additional Problem in Continuous Combustion. A

characteristic feature of practical continuous combustion systexs
:1 is a zone of recirculating flow or backmixing. The zone serves
as a mechanism for flame stabflization. Partially or completely
B reacted species are backmixed with incoming fresh reactants,
providing the energy necessary to sustain the reaction. As
a result, the zonme of recirculation is 2 major factor in deter-
mining the overall features of the combustion flowfield and
must be carefully considered in the application of modeling
wethods. To account properly for the zone of recirculation
requires solution of the appropriate elliptic pa;tial differ-
. ential cquations rather than the less cumbersome, more exten-
sively investigated parabolic equations applicable when addressing

only boundary layer type flows.

2
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1.2 The Need for Experimental bata

Experimental data ars rcquired to (1) evaluate and
develop the utility and range of applicability of the pre- -
dictive methods, and (2) to explore pollutant and pl;mc for~
mation in continuous combustion both prior and subszequent to
the availability of a sultable predictive method.

The developnent and evaluation of predictive methods
depends upon the design and conduct of a systematic experimental
prograa to provide the data necessary to asscss, the numerics,
boundary conditions, fnfitial conditions, and the submodels
of energy snd mass transport, and chemical reaction. The most
productive approach to resolving the validity, utility, and
range of applicability of predictive methods is to perform
1elevant, well-controlled experiments designed to isolate a
single doominant phenomena, and Lo perform ir conjunction with

2 Progress

the experiment, simultaneous numerical simulations.

ir continuous combustion modeling is currently restricted by

the scarcity of detailed flowfield data for distributed reac~

tions with recirculation. Measured profiles of chemical comp-

osition, temperature, velocity, ;nd turbulence intensity in

backmixed, distributed reactions are necessary to effectively

develop and cvaluate predictive mecthods for continuous combustion.
In the absence of a fully evaluated and developed

predictive method, the experiment nust guilde thc“exploration of

pollutant and plumc formation in contiruous c&ibustion.

Though costly and cumbersome in comparison to numerical

sinulatf{on, experimentel studies must currently be
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relief upon to provide insight into the performance of

these complex systems. Nevertheless, the parallel develop-
ment and cvaluatfon of predictive methods can greatly cnhango.
the information derived from the experiment.

1.2 the UCI Progpran

Objecctives. The objectives of the UCT program are directed
to clarifying the relative influence of thosc wmechanisms respon-
sible for pollutant production in continvous combustion.

Specifically the oljectives of the study aret

Near Tcrm

o To investigate nigh tcmperature chemical reactions,
studying the linits of combustion under those con-
ditions typical of recirculating, turbulent reacting
flowfields. Such information £fs pertinent to com-
bustion stability and use of alternative fuels in
turbine, dump, and ramjet combustors.

o To develop an understanding of pollutant fornation
in continuous combustion stabilfized by recirculation.
Such inforration {s pertinent to rcducing environ-
nmcntal impact and controlling plume signature.

o To develop and verifiy numerical methods and
associated submodels of tutbulence and kinetics
as applied to recirculsting turbulent reacting
flowfields characteristic of turbine combustion, - g
via a judicious coupling of numerical methods to
exrerinent. The goal is to cstablish a method
that can be readily adcpted to the flow geometry
of gas turbine, dump, and ramjet combustors.

oA Dol A A 2 5

Puture

o To investigate emission and performance character-
istics of alternative fuels with specific emphasis
on partdiculate formation and flame luminosity.

Approach. The UCL investigation of exhaust pollutant and ;f

plume formation in continuous combustion is a combined analytical

and experinental study of turbulent, backmixed combustion.

&~
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Experiments arce being conducted uning laboratory backmixed

Bzl

cozbustors operating with premixed and nonpremixed methane/

air and propanefair rcactants, Operation on liquid fuels

'.\.bm

is currently being added. Numerical models arce veing develeoped

and systematically tested against the experimental results to
c¢valuate and improve the models, The goal is to identify, !
understand, and control peollutant and plume formation in

backnixed conbustion typical or gas turbine engines. ’f
i The investigation is divided into the following elements:
ji The inplenmentetion of thd elements is detailed.in the Performarnce -
1

4 Schedule presented in Figure 2. 2

o Modecl Developnent and Evaluation

X Evaluate and refine nunerical procedurcs and models
3 of turbulence by comparing numerfcally predicted

R profiles of velocity, turbulence energy, temperature, 3
R= and tracer concentration of experimentally determined
prefiles (norreacting and wxcacting flow). Y

-3 Evaluate and refine the aumericai procedures and

3 the coupled nmodels of rurbulence and chemical

. kinetics hy compariag numericaliy predictud profiles
of veiocity, turbuiénce energy, temperature, tracer
concentration, and nass fraections of hvdrocarbons,

P nitrfe oxides, carbon monoxide, oxv¥zen, &nd carden

A gioxide to experimentally determined prefiies 5
e {reacting flow).

A o Mcchanisns of Pollutant/Plume Formation

A Perform paramétric studies {thecretical and experi- 3
- wantal) to fdentify the relative coantribution of ¥
the chemical reactions, transpeyt: processcs (heat

E and mass diffusicn, fluid mechaniecs, and recircula-

tion behavior), and system parasmetusrs {(e.g. geometvty

e flevw rates) to poilutant fazmation.

E: - 13
i t o Supplemental Studies £
S "%

i Lean Cozbustion. Svzluate the emission charvacter- =
istics of che opposed jet combustor (0JC; and the )

potential of utilizing the 0JC in stabilizing lean
cenbustion.

N NPT ARy ¢ AR




Swirl. Design ard dnstall the capability to
penerate and contiol swirl in the laboratory
conbustor scystems.

ASr Prcheat. Install the capobility of a.r
preheat te 600°C to more cffectively sinulate
fas turbine combustion behavior,

Non-Premixed Combustor. Expand the existing
premixed conbustion studies to include non-
premixed systems nore representative of the
majority of gaz turbine systems.

Particulate Forration/Luminesity. Investigate
particulate formation in reacting flows with
recirculation with special enphasis on
alternative fuels. Investigate lumainosity in
reacting flows with recirculation with special
attention to alternative fuels and inmpact on
cozbustion jiner degradation.

NO Probe. Explore chemical transformation of
nitrxogen oxides in sawmple probes and sample
lines while sampling combustion products.
Such information fs important in the use of
neasurcd concentration data in poliutant and
plune fornction studies,

J.& The UC] Coabustoer 3ystess

Two conbustor systems--premixed and nonpreuwixec--are
empioved in the YCI _tudy. Schematics of beth systems are
presented in Figure 3. The premirxed systewm, shown in Figure
3a, is 2w opposed-reacting-jet cambustor (03C). The non-
prenixed sycter, shown ir Figure 3b, 25 a classical con~-
figuration with fuel injected at the 2xis in a stream
concurrent with the surrounding alr,

The opposed-jet combustor (0JC) exhibits essential
features found in practical centinuous conmbustion systens
{backmixing, high {atensity combustion) but aveids the attendant

complenities (nonpremixed, two phasc combustion) arpropriate

f£or complementary studies, The recivrculation zone is isalated

and free from geomectrically governsd bouncary conditions.

21 B U g oA g fra N L




The isolation allows the turbulent/hydrodynamic effe ts to
be explored apart from the complicating questions associated
with boundary condition specification. The features of the
0JC especizlly attractive and novel to the study are the .
extended range and control of turbulence intensity, nixing
lengths, and nmixture cquivalence ratios versus those offcred

by the sudden expansion on physical, bluff body configurations.

For exanrle, the rate and fantensity of backmixing in the re- -

TR

czivculation zosc may be aitered cexperimentally and numerically
ever « broad range by verying the ratfo of approach velocity

to let valocity.

The £3C conkustor i« a Slma I.D. x 457nr cyiinrdrical Yycor

chamber containing ae aersdynaeic (vpposed-jelr flgme-dhoider.

RLGAUSYXP LTI O B ity 42131

The inconing flow of premixed Fuzl (methane or prepane) is

*
opposad by a higk velecity jet (é /n_<< 1) iasuing from 2

Salk e ACTnC

1.3n2 I.B. {6.%cz 0.D.) water-cooled tube. The jet {s coin-

cidenr with the combustor axis snd located 76ss upstream frox

the combustor exii. The bPackmixed zone eqeiraé fex flame
stabilization is generared aleng the jet bounuary, The com-
bustor is currently boing enlargsd to ?8%mnm to isprove dthe
resolution of the flovficid sratially.

The nonpre=zixed system is currenctly belag deaigucd.
The conbustor size will mutash the expanded pramixed version

of 78mn. The uwonpremixed configuration will allov exploraiion

tale

of the effccts of mixing the two dissisiler ztreams on

pollutant formaticn and numerical prediction, allew utilization

s

of 1iquid fucl, end provide a bridge betwecen the premixed gystem

and the morc conventional turbince combustor configuraticus,

R X«
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2.1 Nunmcrical

The devclopment of a predictive nethod for continuocus

Lo e Al Tk

AR S

combustion must be founded vpon a2 suitable computational pro-

e

1

cedurc. Because the flows are characterized by strong back-

ANy

mixing, the describing partial differential cquations must be B

e

elliptic.

A computational technique may be developed to solve the

B e

elliptic equatinns whercin the goal is to sclve dircctly for =

s ga
£t

the instantaneous velocity. This approach is costly,

reiatively complex, and requires substantial computer storage B

capacity. Ar a2lternative approach for engineering calculations

is to adopt time-averaced properties. Here, Instantancous 3

propexties (pressure, temperature, velocity....) are replaced 3

sy the sum of the mean (time-averaged) valuc of the property

apd & fluctuating component. The governing equations are 3

theu structured in terms of the time-averaged properties plus >

edditfonsl tevms involving the fluctuating coxponents. The ) ﬁ

problenm, then, Xs transformed from solving for the time- 3

dependent jnstancuscous velocity to providing a model that !

account« for the new Fiuctuaring componeant terms in the tige-

everagad cjuarions. ' 5
9ne approsch usced to ascovnt fov the {luctuating component

terms 3< to modify the transport Properiils {g.gf.vlscoeity,

#). The podified values of the transport Froperliss zre called i

effectiva preperties (2.7, affective viscosiiy, Vg gg) 204
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formulated to account for the turbulence transport associated

with the fluctuating compenents. Exauples of two cffective

; viscosity nodels are the following algebraic and two-cquation
§ fornulations:

i

.3 Algebraic?

s Ry

-3 uef‘ = K p2/% 72/ pzls (ﬁvz)ll’ (1)
3 H

; K: empirical coefficient -

g D: diameter of combustor

3 L: 1length of combustor

E! p: local,density

'1 BV2: {onlet kinetic energy

)

¥

3 Two-Eguation‘

3]

3

i - 2

; ueff Cu p k*/¢e ()
b €yt enpirical coefficient

i p : local density

A k ¢ 1local turbulent kinetic energy

B3 . € : local turbulent energy dissipation
" H rate

g For a given geonetry and inlet flow rate, the algebraic
N formulation is functionally dependent only upon local density.
ﬁ The two-equation model jntroduces additional unkrnowns that

= i

conplicate the numerics and adds computational cost penalties.

i Howegver, rhe twvo-cquation cffaoctive viscosity model is

i et A
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intuitively more accurate becausc it accounts for spatial -
variztions in turbulent kinetic ecnergy and length scale.
The turbulent transport of scalar quantities is related

to the eddy viscosity through the appropriate Prandtl or Schrmidt

nunbere as follows:

r L Vest
eff,d Oeff,d 3)

T £f ¢: cffective exchange coefficient for
el dependent variable ¢

eeff,é: Prandtl or Schuidt nunber
) : dependent varfable

Table 1 1lists the follcwing major computer codes that have
been developed using the time-averaged approach to solve the

elliotic flow equations:

PISTEP IT is.=2 b-m prograr with a:two-equation

effe~tive viscosity model. The UCI version includes

conbusticn chenistry, the O05C geometry, and the algebraic
description of effective viscosity for convenicnce
in initiating a first solution,
TEACH is 2 thrce~dimensional progran written
with p-v as the major, dependent variables, The
code has the attractive features of a third dimen-
sion option and an cfficient iterative }outinc.
The UCI version includes both a two--paraneter and
algebraic description of the cddy viscosity models

as well as the combustion chemfistry, and 0JC

10
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A third code, CRISTY, developed at United

Technology Research Center (UTRC) through a

2oint sponsorship by the Environuental Protection
Agency (EPA) snd the Air Forxce Aero Fropulsion Lab-
oratoxry (AFAPL), 4is being run in cooperation with

the EPA.

2.2 Experimental
The cxperimental dimension of the UCI program combines
the following components of the continuous flow combustion test

facility in the UCI Combustion Laboratory:

e combustor test facility
e gas analysis system
e lascr velocimeter
The integrated system reprcsents the unique experimental
capabilicty of providing detailed neasurevents of composition,
temperature, velocity and turbulence data to (1) develop and

evaluate the predictive methods, (2) explore the mechanisms of

‘exhaust pollutant and plume formation, and (3" conduct supplemental

studies.

Combustor Test Facility. The test facility imcludes
built-in controls and mecasuring devices for wonitsring operating
parameters as well as diagnostics for the flame and cmission
characteristics. Provisions are included for varying
opcratfonal paramcters continuously while the combustor is
firing. The structural features of the combustor test section

11 T
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readily accommodate mechanical probing for sample input to

the gas analysis system and optical probing by the laser

velocineter. Conbustor air inlet temperatures up to 6§00°C .

(1112°F) can be accoumodated. A flow diagranm of the test

facility is shown in Figure 4. The coabustor test section

is nominally 5lom in diameter and is currently being expanded

to 78mn. The air is supplied on a contiruous basis (0.1Xg/sec)

with approach velocities variable to 18,3 ncters/sec (60 ft/sec).
The combustor facflity is interfaced with an automated

data acquisition systew coupling an analog data scanner with

a2 minicomputer. System capabilities inciude real-time

nonitoring and control of the experiments and efficieat data

reduction. A blocg diagram-yf the data acquisition systen’

is shown in Figure S.

Gas Analysis System. A packaged turbine engine analysis

system (Scott Research Labs., Model 113) is available for the
exhaust gas analysis. The unit consists of five commercially
available instruments: Two nondispersive infrared analvzers
(NDIR) for measurement of CO and coz, a chemiluninescent
analyzer (CLA) fqr measurenent of NO/Nox, a flame ionization
detector (FID) for total hydrocarbons, and a paramagnectic
oxygen analyzer. Also included is the associated peripheral
equipnent necessary for sample conditioning and instrument
calibration. All ianstruments supply an analog output to a
5-channel strip chart recorder and/or the data acquisition

P

system3. A detofled breskdown of the analytical instruments

1s shown in Table II.
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Lascr Velocimeter. A DISA type S55L laser Doppler veloci-

neter (LDV) system {s available for velocity measurement in the

conbustor flowfield. The principal components of the LDV system

include a 5 nW He-Re laser light source manufactured by Spectra-

Physics (Model 120) an integracted optical unit and a DISA

s bia VS ant T

{Model 55L20) frequency tracker for Doppler signal processing.

The signal processing is currently being expanded to include

4

e

frequency counting through use of the PDP-11 computational

Y

and data sampling capability.

The LDV optical bench is mounted on a motorized traverse

1A

; to facilicate rapid scanning of the flowfiecld while maintaining
i an accurate spatial resolution. A schematic diagram of the LDV é
T;' optical arrangement and associated electronfics is shown in %
.gi Figure 6. k:
3 In our expericnce to date, it has been found necessary

to artifically seed the flow system with supplementary light
- scattering particles to provide an adequate signal input to
;! the data processing instrumentation. The nonreacting flow
; studies arc conducted using salt (NaCl) particles introduced
? into the flow as an aserosol. Combustion experiments necessitate

introducing high melting point solids, such as alumina A1203,

by a fluidized bed technique.

2.3 Coupled Nunmerical/Experimental Procedure

*
3

The program plan of the investigation is dcs}gncd to
accomplish the objecctives of the study via a judicious coupling
of nunmecrical methods to experiment. Th2 approach is to addreas

in sequence isothernmal (nomreacting), heated (nonreacting with

13
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preheat), and hot (reacting flow), The approach is outliuned

in Table II and illuctrated in Figure 2. The cddy viscosity

and mass transport submodels, and initial conditions and
boundary conditions are first tested against experiment for ° )

isothermal flow. The teste used include comparisons of vel-

ocity profiles, turbulence intensity profiles, and profiles

of tracer concentrations. The eddy viscosity, mass transport,

and energy traasport submodels, and initial and boundary

conditions, are secondly tested against experiment for

heated (nonreacting) flow, The main stream and- jet strcanm are

independently heated to temperatures in excess of 400°C (754°F).

The tests used include comparisons of velocity profiles, tur-

bulence intensity profiles, profiles of tracer concentration,

and temperature profiles. Third, the eddy viscosity, mass

transport, energy transport, and chcnist}y submodels, and initial

and boundary conditions are tegsted against experiment for hot

(reacting) flow. The tests include those above plus comparison

of specics concentration profiles of the major produvcts cf com-
bustion as well as carbon monoxide and oxides of nit-ogen.

The ratc and intensity of backmixing in the r+ -culating
flow reglon are alteréd numerically and experimenta’ly vy
variations of the ratic of approach velocity and jat velocity.
Turbulence intensity and scale (eddy size) are altered by the use
of screen grids upstream of the stabilization zone. The com-

parative tests encompass a broad range of turbulent transporxt
.

rates between the rceeirculation zore and the primary gas streamn.

Additional parametric variatioans include the nmixture cquivalence
ratio.
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2.4 NO Probe

Heasurement of combustion products in laboratory burners
and flarmes is recuirced to fdentify the elements of chemical

kinetic and fluid mechanics résponsible for the formation

of pollutant species,

Yeasurcment of the gaseous product composition emttted
from 2 combustion source generally proceeds by extracting an
exhaust sanple for subsequent quantitative analysis, 1In order

to cbtain reliable daza, precaution must be taken to ensure
that the analytical inctrumentation reccives a-éanéle that
is chemically identical to the composition existing at the
szupling poiat. Potential sanple transformatfions may be
mininized by careful selection of materials contacting sample
gases in the physical prebe used for sample removal 2nd in
the line used to transport the sample to the iastrumentation.
0f all the significant products of combustion, nitrogen
oxides (NOx) are especially suceptible to chemical transfor-
mation. 1In addition to the total nitrogen oxides concentration,
the concentration of the primary specics in the nitrogen axides
fanfly, nftric oxide (NO) and nitrogen dioxide (Noz), must
often be determined, For exanple: spatial distributions of
nitric oxide (NO) and nitrogen dioxide (Noz) are required to
identify the chemical kinctic mechanisms responsible for the

formation of nitrogen oxides in flames or gas turbine comntustors,

The oxidation of NO to ROZ or the reduction of Nd} ts NO in

15
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sanple probea and sample lines prevents an accurate determimation
of either NO or noz. As a result, oxidation or reduction

reactions involving NO or NOZ may often be unacceptable even

4
bt
¥

though total nox is conserved.

-

An adequatc accounting of uox transformations rcquircs'

that experiments be conducted to identify (1) the chemiczal

st

transformations, if any, that occur, (2) thec extent to which

y

they occur during typical sampling times, and (3) the conditions

4 .
§ (e.g. sample temperature, sample composition, sample line
‘i naterial) for which they occur.

{ The present experimental study is designed to assess uox

$ transformations that may be encountered when szmpling within

é flames and at the exhaust plume of laboratory combustors., The

ﬁ experimental system is currently designed to simulate the actual
f conditions experienced in sample lines used for sampling gaseous
4

% combustion products. A diagram of the éxpetimental system is

} shown in Figure 7. Test paraneters include compesition of

% the carrier gas, dopant gases, and probe matexrial.

% A carrier gas sioulating the primary conbustion products

; i{s selected from one of threz prepared sources of 0, 1, or

) 1 52 02, 122 coz, and balance Nz. The carrier gas flow,

'§ 4 liters/minute, is doped with CO, NO, and NO2 metercd from

; high concentration source cylinders by means of porcus sintered
f% metal flow restrictors. After doping, the carrier gas cnters

>% a silica preheat tube that raises the gas temperature to the

- ~5' desired probe best temperature. From this poimt,. the doped

'% carrier gas cnters a sample probe test section, An oven is

}: ;scd to maintain the temperature of the doped carrier gas at

'5 - the desircd precbe test temperature.

g
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The temperature of the gas within the sample probe 1s
increnentally voried from 25°C to 400°C., Temperatures of the
gas stream ('I‘2 and T3) are measurced with insulated platinum
resistance thercometers centercd in the probe bore at the inlet
and outlet of the samplce probe, The oven tcemperature is also
recorded by a thermocouple locatcd adjacent to the outer dia-
meter of the sample probe., The sample probe heater can
accommodate a variety of probe materials of lengths up to 2
meters.

Gas composition is measured at sample Point 3 to assess
the extent of NO and NOZ transformation within the 2 meter
sample probe segment. Sample lines leading from points 2
and 3 (Figure 7) are short, equal-distant, and made of 1i/4
inch o.d. TFE Teflon. Screening tests using varying lengths
of TFE Teflor have been conducted to assure that NOZ absorption
is not a significant factor in the present cxperiment.

Analysis of NO and uox is conducted vith a Beckman Model
951H chemiluninescent oxides of nitrcgen analyzer., Noz is
detcrmined by the differcnce between the measured Nox and RO
concentrations. The (carbon) converter efficiency is moni-
tored by periodic tests using the methods outlined in the
Federal chister.s H&as&renents of carbon monoxide concentration
is conducted with a Beckman Model 315BL nondispersive infrared

analyzer.
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3. DESCRIPTION OF PROGRESS: REPORTING PERIOD

re— el
vty s
“V‘Ww
) o Ap¥Iesie t g d g

44

s -
v A\

The performance schedule is presented in Figure 2, Thé

first ten months of the research program were structured to

VWER s St 8

acconmodate (1) modification and testing of the experimental
system, (2) modification of the numerical methods to the geo- E:
metry of the opposed recacting combustor, (3) expansion of the %
numerical methods to 3include multicomponent reacting flow and {'
(4) initiation of the cold flow numerical and eéxperimental
studies.

The current reporting period covers the subscquent 3
twelve (12) month period and includes (1) the test of the
numerical mcthods against experiment for the case of isothermal
flow, (2) expansfon of the numerical me;hods to include propane
oxidation kinetics, (3) expansion of the experimental facility
to include air preheat capability, (4) initiation of the gen- b
eraticn of a broad, experimental data base for the cases of i
isothermal and hot flow, and (5) initiation uf ;n in-depth
exploration of chemical transformation that may occur in probes
and lines uced to sample and tran}port-nitrogen oxides.,

The program is on schedule. H

3.1 Numerical

A summary of thc improvements snd modifications completed
during the current reporting period is outlincduin Table IV.

+Current problicms outstanding and plans for their resolution arc
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also identificd.

.

PISTEP II and TEACH were tested against experiment for

3

2,
4

the case of fsothermal flow. The resules of the TEAGH eval-

f!
; cation are discussed in Section 3-3 {Combincd Numerical/
% Experipental) and will be presented at the Sixtecntl Symsposium
:; (International) on Combustion. The PISTEP II evaiuation is
i currently being conmpleted.
:; In cooperation with the EPA, the CRISTY Code was modified
% to the UCI 0JC geometry and is curreatly being Tun for the
) i algebraic cddy viscosity wodel.
3 Solutions have been obtained for hot (reacting flow)
; mixtures of methane/atr with nitric oxide formation using
é TEACH. Solutions are tow bdeing pursucd with PISTEP II. Roth
{; codes are undergoing medifications to cénsidcr propaae oxidation
# xinetice.
3 In summavry, PISTEP II, TEACH, and CRISTY are specialized
—§ to the 0JC geonetry, and are nov being tested for the case of
:3 i{sothermal conditicnz. The evalustion of the methods for the
i case of hot flow hsas commensed. The codes are being expended
b to include propans kinetics as well as methane oxidation
i chemistry. Tests of the codas for the het flow condition will
; continue during the <ontinuation year.
: _} 3.2 Experiment %
:: Combustor Test Facilitv. A sunmayry of all the improvements

Bros

-and nodifications completed during the current xeportiang period

g

are outlined in Table V. Curgent probiems outstanding and plans

SRR ot s el w Sl

Z,

(
A

.

1 -.',’

19 23

k) : -
- - . S A N Ko A ~ DR - % E o




#1

i

it

% Aimam |

AL AL

AT Th

o e e e N
.

> Rt - A A S

for thefr resclution are also identified.

The major wodification to the combustor test faciliey *
was the inclusion of air preheat capability to §Q0°C (1112°F).
Electric heating vas aclected (1) to aveid contaminatien of
the combustor fnlet 2fr (contamination of the inict air couvld
significently alter tlie combustion process chenistry), (2}
to provide a precise contvrol of temperature, and (3) to allow
a rapid response to chunging flow conditions.

The combustor air prcheat system is desigaed to have the
fiexibility to heat the combustor iulet air te any temperature
vithin the design temperature range and to be opsratiomal fer
a range of atrflows., The maxizus design tumperature for the sir
freheat systen iz 600°C, Selecticn of this remperature is
based on a::uai gas turbine operating condirions. The air prebeat
system will provide heatad falet air for combustor air velocities
cf 7.862 xo0 15.24 n/scc (25 to 50 feet/sec).

The initial series of coxbustor precheat studies will involve
the premixed combustion of propane with heated 2ir. The ignition
temperature for a fuel-c;idann nixture is the teperature at
which sc¢if sustained combustion will cccur. Reported ignition
tenperatures for propane-air mixtures range from 450°C to 600°C.
To avoid the possiblce hazardous condition of mixiag propanc with

air heated to the ignition temperature, a naximuq_
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operacing temperature of 400°C will be observed. This maxizum
temperature will allow combustor studies to be performed at

temperatures typical ot low pressurec-ratio gas turbine engines,

Future combustfon studies using a nonpremixed combustor con-
figuration will allow the maximuz coubustor ailr preheat systen
tenperature to be extended to the desired 1imit of 600°C.

Laser Velocimeter, The LDV devclopment has emphasized

isotherral flow conditions. A commercially available nebulizer
is used to iatroduce supplementary laser light scattering
particles into the flow. The nebulizer atomizes high concen-
trations of uniform size, salt-watcr solution droplets. The
acrosol is dried to small, solia salt particles of uniform size
before entering the combustor. The size of the particles is
controlled by the original salt concentration in the soiution.
Current problems outstanding concern signal acquisition
in the recirculation zone and the stress layer located along
the peripherty of the opposed jet. Several approaches are
currently being investigated to improve data zcquisition and
interpretation. Emphasic is being placed on de;clopnent of a
period timed (countar) signzl acquisition svscem to complement

the current frequency tracking teéhniqde.

3.3 Coupicéd Exneximental/Numerical

One of the important clements of the current research

program is the coupling of the numericsl and experimental

components. The development of a rcalistic numerical nodel of

21
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continuous combusticn raquires carcful validation by way of .
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experinental observation.
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Emphasis duriag the current revexting period has b2en

B

directed to (1) testing the numerical methods fer the case of

S

'3 isothermal flow (to evaluate the eddy viscogity model) anad,
’ % (2) testing the numersical methods for zhe case of isothermnl
? flow with a tracer. For the case of isotheramal {low, the
2 eddy viscosity submodels were first evaluated for the Dprediction
} of system hydrodynamics. A tracer gas was later introduced to
é evaluate the eddy viscosity submodels for nonu;ifo;n, rultf-
f componcnt flow where pass as well as momentum cxchange is
i important. Expcrimental measurcments and numerical predictions
} of velocity and tracev isopleths for a range of approach
'é velocities and backmix characteristics provided the eritical )
% tests. . %.
é The results rcported here smphasfize the case of isothermal
F flow. A satisfactory assessnent and understanding of the iso-
5 thermal case is a prercquisite to engaging the hot flow case.
:; Conbusticn imposes the additional requirement for submodels of
K
% chemistry and turbulence/chcmlstt¥ intcraction that may mask
;; fundanenta! deficiencies in the eddy viscossity submodel.
% However, hot flow results are presented as an indication of the
g suitability of the two eddy viscosity submodels in the pre-
Q% diction of reacting flows.
;H The isothermal and hot flow results cullcc:i&ely demonstrate
fi 3 the merits of two t©ddy viscosjity submodels for the prediction
i é of transport behavior in continuous corbustion systems of
= E .
- 7Y 22
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practical cngineering interest (turbulent reacting flows

with recivrcutlation)., In addition, the results provide uscful

informetior for the development of applicd computational topls

for analyzing the performance of continuous combustion systems.
The present study exploves 3pecificaticn of the eddy

visecosity, ucifnnd turdulent mass trassport, rcff,¢' in cen-

fined flows exhibiting stronmg backmixing or recirculation.
Cemparative calcuiations ;ere performed using two distinct
turbulence submodels to deflanc the eddy viscesity--an algebraic
sodel (Equatien 1) ond 2 more elegant twe-cquation submodel

(Equation 2).

RESULTS (ISOTHERMAL FLOW)

To effectively test the subnodels.of eddy viscosity
over a range ;f turbulent conditions, experimental data were
obtained for approach velocities of 15,24 and 7.62 m/sec and
jet velccities of 30.5, 61 and 130m/sec. Velocity profiles
were mapped throughout the flowfield using a lmm 0.D. pitot
tube. Tracer profiles were gercrated by introducing altern-
atively purc carbon nonoxide (CO)'}n the jet and pure carbon
dioxide (COZ) in ths nai;strean. The nixiang between the ject
and nmainstream was asscssed by mapping CO and coz profiles
throughout the flowfield using a 3mm stainless steel tube
and Beckman 3158 NDIR instruments for the gas gawpling and

analysis. The Reynolds number of the approach stream ranged

frem 2.5 x 104 {at 7.62n/sec) to 5.0 x 106 (at 15.24n/sec).
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The eddy viscosity submodels were first tested for a homogencous,

o oot

isothernal flowfield to explore the effecti of the submodels in .

predicting mwozentum transport. Experimental and predicted profiles of the

N

T

axial component of mean velocity are presented in Figure 8 for an average inlet
i velocity of 15.24m/scc. The selected profiles emphasize the flow regime
dominated by recirculation. The calculated velocity profiles for both
3 ) turbulence submedels assume an experimentally deternwined veloacity profile

as an inlet condition.

AP B AP

The trend of the velocity profiles agrees qualitatively with the
experinental results. The two-equatfon submodel retains the inlet turbulent

velocity profile in the approach scction while the velocity profiles

predicted by the algebraic submodel flatten cut due to the spatially

. uniform viscosity. The presence of the opposinglje: is communicated further ;
A .f upstrcam for the ;vo-cquaticn subzodel than for the algebraie eddy viscosity, 3
i i and the two-equation submodel demonstrates better correlation wi:{ the 2

; experimentally observed stagnation poiat. : 3

The mean velocity profiles in the recirculaticn zone are also better
represented by the two-equation turbulence submodel, although both sub-

nodels over-predict the jet expansfon. In addition, the two-cquation

fleridoa

it

velocity profiles decrcase too rapidly near the chamber wall.

Dovnstrean from the backmixed zone beth subnmodels fail to adjust for the

ISR
v
3

redistribution of the bulk flow in the turbulent wake of the recirculation

zone and under-predict the velocity adjacent to the jet uali. Both sub-

aK

wmodels display good agrcement in the bulk flow regime in the abscnce of

.
N
.

recirculation or wall effects.
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The recirculation zone strength was examined by reducing the approach
3 velocity by a factor of two while retaining the same jet velocity. The
cxperimental and predicted velocity profiles arc presented in Figure 9.

The calculated results demonstrate a significant depa-turc from experiment

in the region of strong backmixing. The reverse flow region again penetrates

further upstream in the two-equation submedel prediction.

14y ALALINY

The acceleration of the bulk flow around the recirculation zone is

under-predicted in contrast to the over-predicted jet expansion for both

i A A

submodels. This result is especially evident ncar the plane of the jet

exit where the redistribution of the bulk flow vwith the jet discharge is

» "
SAPMAIA G

restricted. This effect is conveyed downstrcam from the recirculation

zore where the two-equatfon velocity profiles correlate well with

Baarh

experixent near the chamber wall but deviate near the Jet wall.

Mass Transport .

g DR

The twe eddy viscosity submodels werc secondly tested in conjunction

Kol

with the turbulent ma2ss exchange subrodel (Eq. 3) for the conditions of an

Lt Lt

. isother=al, nonhozogeneous flowfield. Spatial distributions of the predicted

tracer concentrations are compared to experizmental wneasurcments in Figures 10

b

and 11 for the baseline conditions outlined previously.

aid

Figure 10 presents the algebraic and'iuo-equation subzmodel predictions,

e

and experizental tracer concentration distributions for a 15.24m/scc

- average inlet velocity. (The jet stream is 100 percent carbon mcnoxide.)
3 }nncdlately evident is the contrastiﬁg axial and radicl sprcad of the

;: predicted tracer concentration profiles. Differences in axiéi transport of
€0 arc consistent with the observatfons forwarded in the previcus scction

‘ on nowscntux transport. Hore notable are the diverse radial transport pre-~

25




dictions,

The spreading of the jet discharge into the mainstrean for the

algebraic eddy viscosity conforms to the experimental results.
In contrast, the two-cquation submode) limits the radial mixing of the
jet strcam (tracer) with the bulk flow. The segregation of the jet and
the mainstream is verified by the high CO concentrations along the jet
wall, in contrast to the absence of CO near the chamber wall. This result
was further substantfated by introducing a carbon dioxide (coz) tracer in
the approach stream. The numerical analysis of CO2 concentrations
for the two-equation submodel predict negligible mass traasport of
€0, from the mainstream into the recirculation 20ne. Downstrcam, the

predicted mixing of CO2 from the bulk strean into the flow associated

with the jet stream is minor. Experimentally COZ was observed to be
well mixed into the jet.

The results for the strong recirculation zone (Figure 11) demonstrate
similar trends. Although the véloci:y data presented earlier in Figure 9
gave poorer agreement for conditions of strong recirculation, the mixing

is ixproved because of the enhanced backmixing.

RESULTS (HOT FLOW)

A two-sten global reaction mechanisa for methane oxidation was
adopted for the present study to illustrste the applicability of current
ruxerical wethods to the prediction of continuous combustion flows,

and to bricfly explore the suitability of the eddy viscosity submodels

for the case of hot flow:
0 «)
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A detailed description of the numerical forrulation of the reaction rate
expressions and boundary conditions may be found clscwhere®. The dependent |

variables for the hydrocarbon system fnclude the mass fractions YCH

4

YCO . Distributions of the other major species-—water (320), oxygen (02),
2

carbon monoxide (CO)--are related to Y and Y by elemental mass
o, e,

-

and

conservation. An initial solutfon for the reacting [lowfield was obtained

using published reaciion rates’ which were later refined to more closely

resemble the experimental data. This approach was justified on the basis
that the reaction rate data were obtained from .the study of a weil-stirred resctor
angG nay'not apply to the current study, which deviates substantially from
well-stirred conditicns. Global reaction rastes were judged acceptable for
the present study because of the uncertainties encompass;ng the specification
of the system aerodynanics. ) “

Since the aim of the study is to predict the performance of backmixed
combustion systems, the hot flow calculations were extended to include the
prediction of the pollutant species, nitric oxide (NO). Nitric oxide

kinetics were based on the fam{liar Zeldovich® mechanism: .

0+N2—0H0+N (6)

N+ 0, = KO+ O an

Noting that reaction (6) is the rate limiting step and adopting the

simplifying assumption of olo2 cquilibriun results in the reaction rate

expression:
d[ro) 3
. dt 2 kgg Ky IN,110,] (®

The temperature and 0z distribucion obtained from the solution ef the

27
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hydrocarbon system was used as z basis for the NO kinetic calculations.

The experimental tests conducted to complement the aumerical predictiens
of hot flow propertics utilized stoichiometric proportions of premixed
sethane and air in both the main and jet streams. The reactants were
fnit{ally at smbient tempuriturc and the combustjon was completed at atmos-
pherie pressure.  The test eatrix included the same approach velocitles
selected for the isothermal cases - 7.62 and 15.24m/sec =- and a jet
velocity of 130a/scc. Detailed maps of flowfield properties werc obt2ined
by conveational prebing techniques. Temperature measurements were made using
an uncoated Pr/Pt-13% Rh thermocouple and a Scott Hodel 1725 chemiluminescent
analyzer was used for oxides of nitrogen measurements. Gas sarples were
extracted via a moveable 3.2=> 0.D. watercooled, 316 stainless steel probe
having a tubular inlet, and conveyed through a heated teflon sample line
to a packaged exhaust gas analysis systen. Sclected results of hot fiow
properties are presented in Figures 12 and 13 for the conditions indicated.
Temperature aqd RO profiles are presented as indicators of useful design

information that may be derived from the nuzerical simulation of back-

mixed combustion pr S,

Isothermal Flow

The resvlts of the momentum and mass transport siudies identify
several important characteristics of the turbulence subsedels. The
turbulent viscosity from the two-equation submodel varies through the flow-

field as is physically expected. The two tion del d trates

4

the gencration and dissipation of turbulence kinetic enexgy near the

jet exit, the stagnation point, and near the beundaries, In contxast, the

28
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viscoaity from the alsebraic submodel is spatially uniform throughout
the flowfield for isothermal flow, and varies only with a change In the

kinctic encrgy of the inlet streams. The impact of these differences

betuveen the two cddy viscosity submodels is evidenced by the velocity
profiles, the predicted location of the stagnation point, the rzdial mass

transport, and the dissipation of the kinetic encrgy of turbulence in the

wake region.

Velocity Profiles. The predicted velocity profiles agree qualitatively

with experimental results. The two-egquation submodel more closely

approrimates the experimental trends although the predicted velccity
contours for conditions of strong recirculation are quantitatively

incorrect throughout the flowfleld for both turbulence subwodels. The

departure frem experiment is especfally evident near walls, and suggests
the need to refine the wall functions used to specify boundary conditions
for turbulent kinetic encrgy or dissipation rate, and/or to decrease

the grid spacing near the wall.

Stagnation Point. The locatfon of the stagnation point as indicated

by the velocity profiles and upstream extent of tracer measurements is
better described by the two-equation submodel. The effective vl;cosity
predicted by the algebraic submodel is qutially uniform throughout the flow-
field for given inlet conditio;s. Ro acc;unt is made for changes in the
kinetic energy ét turbulence or energy dissipatfion rate in the region of

encounter between the main and jet flows. The lower viscosity predicted

in the recirculation zone by the two-equatior subnodel is more effective
in deseriting the actual axial moacntum and mass exchange.
Radial Mass Transport. Although the experimentaliy determined tracer

isopleths are §n closust agreement in the recirculation zonc for the two-

equation submodel, the downstream radial spread is more effectively
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described by the algebralc submedel. The unfformly high viscosity
predicted by the algebraic turbulence submode! afds the overall mass
transport throughout the fiowficld, f.e. axtal and radial diffusion from
the jet is greater for the algebraic rather than for the two-equation sub-
modal.

The radial mass transfer predicted by the two-equaction turbulence
submodel suggests that the princioal mechanism of mass transpof} is by
large-scale convectfon rather than by small scale gradient diffusion
proccsscs?° The tracer concentration varfes gradually through the
recirculation zcre. The downstream mixing layer is bound;& by‘steep
concentration gradients that enclose the jet mixing region. The numerical
predictions fandicate that at high approach velocities the bulk flow detours
arouzd the recirculation zore, retaining upstrecam flow properties (low
viscosity and small-scale nixiﬁg) and effcctively precludes radfally-~
directed mass traﬁsport. Conversely, the experimental trend reinforces
the conjecture that turbulent exchange processes shovld be active |

downstream from the recirculation zone.

Wake Region. The kinmetic energy of turbulence predicted by the
two-equation submodel is quickly dissipated ia the wake region downstrean
of the recirculation zone. Tpc resulting low .viscosity iwmpedes turbulent
mixing throughout the wake région. In ;onttast, the uniformly high
viscosity of the algebraic subwodel is effective in predicting the

radial spread of tracer chserved cxperimentally.

> oy o

Hot Flow

. The hot flow results reflect the inherent limitaticns of the under-

SN TS

lying eddy viscosity submodels and emphasize the urgency to refine the
basic fluid dynamic representations cmployed in the analytical modela.

20




P
3

g ranethongs

LAz say g LS AR st G im

AROLR

-3
g
2}
£
Ei

o

In general, the predicted hot flow properties qualitatively simulate
gross flane features. Before adequate experimental correlation is
achicved, howcver, the submodels of eddy viscosity and turbulent mass

. exchange must perform satisfactorily for the casc of isothermal flow,
and the chemical submodels and the coupled turbulence/chemistry interaction
must be fully explored and likely improved for the case of hot flow.

Refinement

The results above identify dircctions for refinements to the
eddy viscosity submodels, 1nict conditions, andfor surface boundary
conditions. A parametric investigation was initiated to in;fove'the
predictions of the two-equation 2ddy viscosity submodel by exploring
the effect of boundary condition specifications.

The outcome of the parametric studies suggested that in confined
flows, where the recirculation zone m3y contact solid boundaries, the
specification of near wall turbulence cnergy dissip;tion rate (€) way
significantly influence the nixing characteristics of the two-equation
turbulence submodel, These results are consistent with the findings of
earlier studies!? where a reduction of € adjacent to a downstream facing
wall was used to improve numerical/experimental correlation.' Similarly,
the reduction of € cn the upstrcam facing step of the jet tube was found
to radically alter the predicted mass trAnsp;rt bchavior of the two-~
equation submodel. The improved radial mass transport is evidenced by
the tracer concentration profiles in Figure 14 with a slight sacrifice in

stagnation point correlation. The stagnation point correlation can be

improved bv modifying k or € at the jet inlet. "
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The rcfincments clearly demonstrate the sensitivity of the
numerical solution to beundary condition specification, and the need
to test the two-equation turbulence submodel under isothermal flow

conditions prior to hot flow simulations.

CONCLUSIONS

Numerical prediciions of the turbulent, backmixed flowficld of an
opposed-jet combustor have been compared to experimental obtservations.
Although favorable qualitative corrclation has been csté%iisﬂcd,
deficiencics in the eddy viscosity submodels and associated boundary
conditions used as a foundation for the transport mechanisms have been
identified.

The flowfield hydrodynamics are more accurately represented by the
two—equation submodel because of the intrinsic variable viscosity and
length scale. Comparable solutions may be obtained at considerably
lass cxpense by employing the algebraic submodel.

The mass transport predictions of the algebraic squodel demcnstrate
acceptable correlation. The prediciion of radial mass transport by the
two-equation submodel in general does not confona to experiment. The
performance of the twc—equatién submodel “may b; improved by careful
specification of boundary conditions, In particular, the near wall

turbulence energy dissipaticn rate was shown to significantly influence

the mixing characteristics of the twe-equation submodel.
The results of the isothermal flow studfes indicate that the
=algebrajic turbulence submodel performs adequately in describing general

fluid flow patterns and mass transport for the conditions investigated.
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A major fmpact of ;he present study 15 that considerable testing of

the numerical model is vequired for isothermal flow hefore proceeding

to the complicating conditions of cowbustion. The testing requires

a coupled nuuerical/experimental study and is likely governed by the
geometry, inlet and solid boundary crnditions of the systen under
investigation. The hot flow calculat;ons prescntcﬁ here accentuate

the inadequate transport characteristics identified in the isothermal
flow analysis. Attenpts to refine the chemistry submodel.?r to quantify
the interaction of fluid wmotions on chemical reaction rates are

dependent on the correct turbulence model formulation.
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3.4 N0 Probe

Effects of oxygen containiag, and céébon monoxide contain-
ing atnmospheres on nitrogen oxides concentration were evaludted
durieg the curreant reporting period. Sample probe materials
tested inciuded 304, 316, and 32% stainless stcel and silica.
The length of each sample ﬁrobe vas arbitrarily chosen_
to be 2 meters. The residencc time of the doped carvier gas in
the sanpie probe test section was-approximately 1 second for
the 4 liters/minute flow rate and 2 meter sample probe length.

The KO and KO, input levels to the ;ample probe {(Sample
Point 2 in Figure 7) were choscn to be 500ppm and 75ppm res-
pectively. These levels simulatc NO concentrations which are
typicaliy encountered in.sampling and 2a HO2 concentration which
ig thought to be representative, €0 levels selected were 0,
100, 1000, and 2500ppa.

The resulis are presented fn Figure 15 for mixtures
without carbon monoxide and in Figure 16 for mixtures with
carbon moncxide. The percent change of KO and Noz represcent the
percent change in concentration between Sample Points 2 angd
3 (Pigure 7). Since tota} NO_ was conserved in all cases, the
figures demonstrate a di;ect corréspondcnce between NO and Hoz
transfornations. The temperature shown is the gas temperature
at Sample Points 2 and 3. The results without carbon monoxide
were presented at the First International Chemical Congress in
the Western Hemisphere in Deconter, 1975.'2 The results vith

carbon monoxide were presented at the Western States Section of
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the Cozbustion Institute in April, 1¢76.1%,

RESULTS (WITHOUT CARBON MORQZXIDE)

The results feor silica are prescnted in Figure 15a. No
significant transformation is chbscrved over the temperature
rapge and the residence tiame studkcd. Slight oxidation of
RO o 302, proportionsl to oxysen content, is discernidble.

The 304 stainless steel probe (Figure 3i5b) catalytically
reducas EGZ to RO at teamperatures ia excess of 100°C. The
conversgion of NOZ to NO at ecievated temperatures is consisteat
with the vesvles of a variety cf studies Iin which stainless
steecl has been evaivated for use as the converter w.aterial in
che:iluninescén: anitrogen oxides analyzers.’"-“ At tenpertures
below the catalytically zctive temperaturxre of 200°C, no signifi-
cant change is observed. The oxygen content of the mixture has
an inportant impact on the conversion efficiency at the peak
temperature evaluated (400G°C).

The results for rhe 315 stainless 'stezl, prescnted in
Figure 13¢, indicate tha; a highc£ teaperature (>300°C) is
i quired to initiate the caralytic reduction of K0, in compar-
ixon to 304 stainless steel. At AGO®C, howevar, dissociation
is near'y 1UDI cemplete. The cxygen content of the mixture has
& nodest impact on the conversion efficiency at the peak temp-
;ra:urc evalusted {400°¢C), Slight evidence of oxidation of NC

to N02 15 again discernible at the iswer teupsratures.
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The results for the 321 stainless stecl, presented in
Figure 15d, show behavior similar to the 316 stainless steel.

The threc stainless stcels evaluated have similar carban,

chronium, and nickel content.'?”1? A5 shown in Table Vi,

however, 316 stainless steel has molybdenum added to improve
corrosion resistance, and 321 stainless steel has titanfium add-
ed to reduce carbide prccipit;tion. In general, stainless stceels
Lave strong resistance to corrocion duec to an oxidized layer

on the surface. Reducing atmospheres can remove the oxide
film and change the passivity. It is likely that prior
exposure of stainless stecel probes to varying sample environ-
ments may alter the degree of HOx trancformations. Evidence of
probe history cffects have been reported in the literature,Zt
but a full assessment has yet to be made.

RESULTS (WITH CARBON MONOXIDE)

The results for silica are presented in Figure 16a. RNo
significant transformation is observed at temperatures below
300°C. The slight oxidation of NQ to KOZ observed without
carbon monoxide is not discerniblé when carbon monoxide is

prescent. At 400°C some reduction of N2, to NO cccurs. The

reduction is ¢ ndent on both oxygen coantent as well as carbon

wonoxide levw=.. At the level of carbon monoxide for which the
transformetion is »ost pronounced (2500ppm CO), the dependency
‘on oxygen is the reverse of the dependency at lower carbon

monoxide levels (100, 1000ppm CO).
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The results for 316 stainless stecl are presented in

Figure 16b (304 and 321 stainless steels were not evaluated).

, The presence of carbon monoxide effectively lowers the tem--

perature at which reduction of RO, to NO is cbserved. Signif-
icant reduction is observed at temperatures in excess of 100°C.
The reduction i{s more pronounced as carbon monoxide is increased.
Increased oxygen content has the effect of reducing the conver-

sion at a given temperature and é'given carbon monoxide level.
DISCUSSION

The resulte without carbon monoxide are expected and
explainable by the known catalytic performance nf stainless
steel in reducing Noz to H0.2%-1% <The fesults with carbon
monoxide are mew and will require further testing to fully
assess the controlling mechanism. Revertheless, tentative

explanations are possible by considering the competition

between the fdlloving two reactions: -
1
Cco + 20.2 b . CO2 . (s)
catalyzed
NOZ + CO b NO + CO2 (10)

Increased CO will advance the reduction of xoz'by reaction (10)
as obscerved experimcantally. Increascd 02 will fahibit the
advance of reaction (10) duc to the competition between 02 and

K0 for the CO. In studies of CO oxidation by RO and 0,s oxygen
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is observed to preferentially oxidize CO to 602.2’_2’

The silica results with carbon monoxiéc indicate that

reaction (10) wmay be active at 400°C. The advance of reaction

v P Sk

(10) as a homogencous reaction at 400°C is slow relative to
the one sccond rcsidence time. The dependency upon oxygen

is not explained.

ips kDot

; The results of Figure 16b (316 stainless cteel with carbon

monoxide) differ from an carlier investigation by Halstead?"

#*)
E in that total oxides of nitrogen ate coaserved .in the present
k study. The removal of Noz ovserved by Halstead may result from
'? (1) the reduction of NO_ by reducing species other that CO
; (e.g. hydrocarbons) present in the fuel rich flames saupled,
(2) the elevated (% 800°C) temperatures to which the sampies
; vere temporarily exposed at the probe inlet, (3) the longer
‘{ residence tine (4 seconds compared to 1 second) or {4) a com-
i
;n binztion. Further study that addresses additional reducing
i
:jg species, higher temperatures (> 400°C), and longer residence
i times (> 1 secoand) will be necessary to fully assess the difference.
3
]
<
2 CONCLUSIONS -
1
3 ¢ Nitrogen oxides are sampled from comdbustion sources
kbt :
%‘ for a variety of reasons and over a wide range of

; tenperatures and gas composition. .

® A number of_rcactions are potentially active to

transforn nitrogen oxides concentration whilc sampling
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. combustion products.

1 ¢ KO s conserved in silica and 304, 316, and 321

; stainless steel sample probes for the temperature -

{ range 25 to 400°C and a resideance time of 1 second.

z ¢ In the absence of carbon monoxide, reduction of Noz

§ is observed in 316 and 321 stainless steel at temper-

3 atures ecxceeding 300°C. 1In 304 stainless steel, NOZ

E reduction 1s observed at temperatures exceeding 100°C.

é e 1In the presence of carbon monoxide, the reduction of

: “02 occurs at temperatures cxceeding 100°C in 316

z - stainless steel,

% e In silica, no significant transformation of nitrogen
:} oxides is observed in the absence of carbon monoxide.
qa When carbon nono¥ide is present "at levels exceading

3 1000pph, reduction of Roz is observed at tempeévstures

g exceeding 300°C.

. e Previous Ko,, N0 and RO, data colleccted at moderate
'2 temperatures (25 to 600°C) with stainless steel

! } sampling iines and at temperaturcs above 200°C with
© % silica mwust be used with caution.

; » The poteantial fo§ chenicai~transfotma:ion cf nitrogen
23 oxides concsantration while sampling combustion products
) % at moderate temperatures may be reduced by (i) using only
é silica, (2) maintaining the temperature bflow 300°C in

3 r cerbon monoxide contafning atmospheres, and (3) exercis-~
3 ;- * ing appropriate precaution in handling water iu the
8 { N

. & . sample ,

,: ;
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Additional informstion is needed to assess the extent
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of chemical transformation that océucs under the variety

of sampling conditions experienced in practice, and.

guide tha sclection of prodbe and sample line materials

in order to prevent the occurrence of chemical transfor-
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3.5 Publications/Papers Presented

i
§ :
S Two publications were submitted during the reporting period .
E . i
i and three papers vere presented. Papers are now-in-preparation i
i cr planned for publication or prescntation. The current
3 status of the publications and presentations of papers is {
3
3 4
i sunmarized in Table VIIX. f
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4. DESCRIPTICN OF RESEARCH DINECTION:

CONTINUATION YEAR

4.1 Model Development and Evaluation

In the continuation year, the emphasis will be placed
on the evaluation of the predictive methods for the case of

heated (nonreacting) flow and hot (reacting) flow. The sensi- <z

tivity study for initial and boundary conditions for the case

of isothcrmal (nonrecacting) flow will be completed as well.

Heated Flow. The heated case ig designed to test the coupled

submodels of eddy viscosity, mass transport, and energy transport.
The heated flow case was initiated during the current reporting
period with the desigo and installation .of a preheat system into
the combustion Zacility.

Hot Flow. The hot flow case will substantially increase the
complexity of the evaluation. The added considerations include
chenistry submodels (including the effects gf turbulence on
chemical reaction rates), and radiation submodels. Predicted
profiles of velocity, turbulence Einet{c energy., equivalence
ratio, tenmperature and cchccntratfans of hydrocarbens, oxygen,
carbon nmonoxide, nitric oxide, nitrogen dioxide, and carbon
dioxide wil]l he compared to experimental resultrs. Comparison
of the predicted distributions to those determined experimentally
vill be uscd to identify deficicncies in the modcas of turbulence

and kinctics for the condition of recacting flow.

The hot flow case was iritiated during the past year by
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(1) generating first solutions for the hot flow case (Figures 12

and 13), (2) genrerating hot flow expcrlimental data for nethane/air,
and (3) preparing and asubmitting a proposal to the Natfomal
Science Foundation for support to complement the hot flow

evaluatfon studies.

4.2 Mechanisms of Pcllutant /Plume Formation

The experimental studics designed to specifically explore
the mechanism of pollutant and pl&me formation will commense
in the summer of 1976. The experiment will be nsed. alone and
in combinaticn with numerfcal results in the next twelve month
period to explorec pollutants auéd plume formation. Parametric
studies wili be conducted to estabiish the relative effect of
the transport ar4 :hemica} processes (chemicsl kinetics, mass
and heat diffusion, and fiuid mechanics) and system parameters
{jet and main ;tteam flow rates, composition, temperature, size

and shape of the recirculation zone) on pollutant formation.

4.3 Supplenental Studies

Under supplemental studies, the czplcration.of the lean
stabilized combustion performance of the 0JC will be initiated and
ccmpleted, the airx prehc§; stuéie{~vilf continue, a2 nonpremixed
combustor configuration will be de<igned and tested to complement
the premixed 0JC geometry, swirl will be added, the NO probe
study will be expanded to explore.a variety of hydrogen containing
species and probé history, and studies will be initiated that
gddress particulate formation and luxminosity, especially in
relation to the on-going alternative fuel studies st AFAPL. Tke

supplemental studies have been added to specifically sddress

current needs of the Air Force.
42
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The UC1 investigation of exhaust pollutant and plume forma-~

it hnl

e ieayes P R

tion in continuous combustion is a combined analytical and

experimental study of turbulent, baéknized conbusticn. Predicted

ef ik g b

profiles of the flow propertiecs are being systematically compayped

to experimentally detcrmined profiles. Model development and

'

evaluation, and studies of the mechanisms of pollutant and plume §

b fornation are being conducted for premixed methane/air and propanéd/ :
-3 i
L air reactants. {

fp;prc vork will include nonpremixed combustiog'and a

1iquid fuel system.

ot ki

5.1 Model Development and Evaluation

Ronrecacting. The isothermal evalué:ion of the PISTEP Il

n a1

and TEACH numerical codes has addressed the effective viscosity

and mass transport submodels. Still to be completed is a thorough

'i investigation of initial and houndary conditions.

'? The heated flow evaluation has been initiat}d by tke design o
2 and installation of preheat capability. The evaluation will

; conclude during the contipuation year. -

;; In cooperation with the EPA, the CRISTY numerical code is

A being run as time permits in parallel with the PISTEP II and

i TEACH numerical codes. The interaction is proving useful to both
.% parties (UCI/AFOSR and EPA), and comparat?! e results will likely
.3 de evailable- for presemtation in the continuation year.

é - ’ Reacting. 1ot flow solutions have becen obtained with TEACH
=

kL
|-
R
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and the numerical codes (TEACH and PISTEP II) are currently
being expanded to include propanc kinetics. Initial experimental
data have been obtained in preparation for the coupled nunergcall

experimental evaluation in the continuation year.

5.2 Mechanisns of Poliutant/Plume Pormation

The experimental facility 1is undergoing final nodification

*
3
p)

{inclusion of preheat capability) prior to initiating the scheduled

exploration of the mechanisms resbonsible for pollutant and

ALY

P plume formation in continuous combustion. To improve the signal

aquisition of the LDV System, the addition of a counter mode

o

to complement the existing frequency tracking mode 4s under

f investigation. The sampling performance of the combustion test
¥
-:3 facility is beinz improved as a result of the supplementary,

f HO prodbe studies. ‘

i .

é 5.3 Supplementary Studies

\é The NHO probe study has shown significant reduction of

3 nitrogen dioxide (NOZ) to nitric oxide (NO) can occur in sample
- .

-§ probes and sample lines, cspecially in the presence of carbon
j

3 monoxide (CO) at modest temperatures in stainless steel. The

2 .

3 effects of probe history and reducding species in addition to CO
iy will be evaluated in the continuation year. In addition, lean
3 coxbustion emission, air prehcat, non-premixed, swirl, and

k3

1 particulate/luminosity studies will be initiated.

E
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TAZLE I

Ellipric Flow Codes

PRINCIPAL
CODE VARIABLES ORIGINATOR REFEREICE - .
PISTEPIL -0 Inperial College 3,25
London
TEACH P-v Xaperial College 26
London .
CRISTY® P-uv United Technolopy 27,28

Resczrch Cester
Connecticut

*®

Exrlier verions called FREP and CFREP
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. TARLE 1

Emisn<{on Instruaentation

Carbon Monoxide Analyzer (Beckman 315BL NDIR)
Kange: 0-100pps, 0-500ppa, 0-250Uepx
0-12, 0-10%

Cardon Dioxide Analyzer (3zchman )PSX NDIR)
Range: 0-2%, 0-52, 0-132 COZ

Oxfdes of Nitrogen Analyzer (Scott 125 Chemiluninesrince)
Range: 0-1, ©-5, 0-10, 0-50, 0-100, ©-500, O-1000
0-5€00, 0-1000CHpm XO-XO_

Oxyrea Analyzer {Scott 150 parsmagnetic)
Range: 0~12Z, 0-5%, 0-10X, 0-252 02 .

HiTaoperaturce Total Hydrocarbor Znalyzer (Scott 215F1pR)
Rasge: 0-1, 0-5, 0-10, 0-50, 0~190, 0-30C, 0~1000,
9-2000, 0-30000, 0-52000, 0-100000ppm HC

All Instryvaesut <pecificatfons Indfcate an accuracy of ¢ 1I

fu.l «calre
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TABLL 1V

Predictive Mcthods

3

Iaprovenents/Modffications During Reporting Period

folloving is o description of taskz which required either

modif'catlon of existiang methcds or new developments

IFACH

1. 1sothernal flov -~ submodels for romertum and masae
trancport teeted against experiment. Isproved bourdary
eonditions required.

2. Hot flov - solution obtained for mctkhgne oxzidation
tncluding formation of nicric ozide.

PISTEP_I1
1. Isotherual flov ~ tests oy submodels for mementum and

=age transport agaiast ezpceriment tnitialed. Evidzwec
of boundary condition modification observed.

CRISTY ‘
1. Isothernal flov - succescfully =edified for YCI 0JC

geonetry in cooperation witk the EPA. Tests against
ezperiment initicted.

Folloviag is a description of remsining prodlems sad plans

for their resolution.

TEACK, PISTEF 11, CRISTY

Xo problers are current oxcluding the chroric demand

of nuzerical vork for edditional resourccs. Ths
devclopnernt and evaluation of tke numerical ccdes are
rwodestly bekind sckedule, but the present rate of progress
and succcss in gccuring additional rcsourcez will réturn
the devclopnent and evaluation to tke plarned rchedulc.
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TABLE V

Combustor Tust Facility

Isprovencnts/¥odifications During Reporting Perfod

Following {s a description of tasks vhich required cither
modification of existing equipbent Or nev work to be perforsed.

1. Inlet air flo¥ preheat - to more cffectively sinulate gas
turbire conbusticn and explore the effect of air preheat
on nunerical modcl developwernt ond evaluation and pollutent/
plune fermation, cir preheat capability vac cdded. Inlet
tenperatures to 609°C (1122°F) are nov available.

2. Exhauyt heat load =~ an air dilution syctem arnd vater cooled
keat czchanger coil were tncialled to allow higher coubustor
loadirgs to bc accomodated vithout thermally tazing the
butiding cxhaust aystom.

3. Sasmple probe - a 1/8-inch 0.D. scrplc prodbe war designed,
built, tested, and uscd for conposition mcasuremcnts.
the 3/8-inck sizc reduced the ixpact on the flovficld of
tke previous, i/f-inch probde.

4. ZInission Console overhaul ~ the cmission cornsole vas
thoroughly inspected and serviced prior to the genseration
of the data base runs. 211 tubiny vas dizconnected,
elecared, and reasscxblad.

S. Dats Acquisition Systes - the DEC PDP-11 datc acquisition
syetex vac installed arnd succccsfully inlerfeced vith the
corbustor facility instrumentation. All necessary softvare
has been developed, chdcked and is currently in opcration.

Yolloving {s a description of remaining prodlems and plans
for their resolutien.

1. Combustor Sfze - tkhe SImm (2-inch) I.D. combustor site
hae proven cdequate for the ttudics conducted but not
optirun for the recrolution dceired for property profile
neasurcaents. A 76m2 (3-inch) combuctor section has been
destgned and i& currently being fabricated.. The flexzibility
of changing combustor size wiil prove uscful in evaluating
bourdary cordition tmpact on the numerical codes.

2. Sawple prode lesign - ciudies corducted to explore chemical
tranaforcation of ritrogen oxides in probes and lines
kave choun tkat ctcinlees stecel will ectalytically reduce
¥0, to 30 {n the preecznce of €O at tenporaturee in excess
0f7100%C. A silicz, vater coated gazpling probe is -
equipped vith aerodvnanic quenck, is currently being
designed. |

3. swinl = snirl {c an integral factor in promoting plumc
stcbilization in practical, continaous conbustion devieed.
The nuncrical acthods nust be teeted for tha case of svirl
cs vell cs non-evirl if suceccaful sinulatione of practical
deviccs are to be qehicved. Suirl vanee are currently
being destgned.

&. LoV Systea - the perforrcrce of the frcquancy tracker
deterioraten to unacecptoble lcvels in the highly
tarhulent. region of jei penetration. Seeding toeckniques
for.!kr Jet and ezpancion of the cignel cequieition ewsten
te include the countcr mode ar. bring czplored. -
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TAMLE ¥II

Tublications and Prescatation of Rapere

Pablicativas Presentatfos of Pagers

Tddy Viscesits Kedellng 1n
the Prediction of Twrlulear,
Sechatxed Costustion Performance

‘l

4

Stateenth (IatrrsationaDd Sympontun

o3 Corbusifon &
]
Es
Chemteal Transferaations of X
Xityepes Sxides In Sanp Pcodes =

and Sawple Lices Lhile Sawpling
Coubsatten Preducts

3 1 Afr Pellwtien Contrel Asseclatios

Anslyticel sad Iaperiseatal Stwéy
af Terbaleat Yetbane - Fired
Bacimized Ceadestion

A1AA Jeersal

Accepted Tddy Tiscosity Redeling ta the Prediction
aecepeed of Tarbulenst, BAckmined Cssbusties
Terforsance

Sixteesth (Intercatiosal) Sympesiva en
Conbustien Awgwst, 1776

Asalytical and Experimestal Study of
Turbuleat Hetdane - Tired Backnined
Coeabustisn

%

ATAA/SAT 112% Prepalsion Confereace
Asadetn, Calditl Sepleeder, 3978

Trassforsatfien of Osades of Kitrezem Vhile
Sampling Towbustion Pridects

ot R R

Firs® lutermsrtieasl Chewical Coagress, ACS
Xexice City, Decewder, 193

S

Oxtles of Jitre,
Sauplsug Cend
Carben Nosexide

tien ¥hile -
teining

a Trassfer:
Products

1976 Spring Meetlag .
Uentera States Sectien/Cesdustics Institete

- Catversity of Utah April, 1976

3

J Phesned

3 Tefasies Characterfistice of o lesn ©xtdas 3f Bitregen Tranaformaties Vdile
E Aetodysanic Stabilfaeld Nethane - Saupliag Cenbastios Prodacts Centatalang
&% Tired Couburter Trdregen

> Ssbutestes: Detemder 1376 197¢ 7a1) Xeettsg

Vesters States Sectioa/Contustion Iantituce
Taiversity Celiforala, Sas Diege

ort Nedelica fin the October 1874

ol Tuthelest, Backaized
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PRV X WIRTIITNY

2{lect o Predeat os the
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redyasuic Stabilize
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