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[ ABSTRACT OF THE THESIS

!
I TransverseLiquid Fuel Jet Breakup,Burning, andIgnition

I by

I Hsi-shang Li

I Masterof Science in Mechanical Engineering
Universityof California, Los Angeles, 1990

I! Professor Ann R. ChairKaragozian,

!
An analytical/numericalstudyof the breakup,burning,and ignition of liquid fuels in-

I jected transversely into a hot air stream is conducted. The non-reacting liquid jet

breakup location is determined by the local sonic point criterion first proposed b7

I Schetz, et al. (1980). Two models, one employing analysis of an elliptical jet cross-

I section and the other employing a two-dimensional blunt body to represent the
transverse jet, have been used for sonic point calculations. An auxiliary criterion

i based on surface tension stability is used as a separate means of determining the

breakup location. For the reacting liquid jet problem, a diffusion flame supported by

I a _ne-step chemical reaction within the gaseous boundary layer is solved along the

I ellipse surface in subsonic crossflow. Typical flame structures and concentration
profiles have been calculat_ for various locations along the jet cross-section as a

i function of upstream Mach numbers. The integrated reaction rate along the jet

!
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cross-section is used to predict ignition position,which is found to be situated near the

stagnation point. While a multi-step reaction is needed to represent the ignition pro- I

cess more a_urately, the present calculation does yield reasonable predictions con-
,I

ceming ignition along a curved surface, m
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i CHAFFER IINTRODUCTION

i In the past therehas been a greatdeal of interest in the mechanismsof break-

I _ up, decomposition, atomization, and burning associated with the transverse liquid
fuel jet. This reacting flowfield is typically present in air-breathingcombustors, in

I which the crossflow of air can be subsonic (e.g., in the turbojet) or supersonic(as in

• the scramjet). Liquid transversejets sre also frequentlyused as a means of introduc-

i ing liquidhazardouswaste into an incinerator,wherethe crossflowcan be considered

I to be nearly incompressible. It is the purposeof the present modeling effort to ex-
plore the physical mechanisms of jet breakupthat can be crucial in the predictionof

i fundamentalbehavior,aswellassomeofthemechanismsrelatedtofueljetigni-
jet

fionandburning.

I °°

In terms of transverse liquid jet breakup, surface wave mechanisms,

i stripping-typebreakup, and liquid surface stability arcseveral popular and successful

approaches which can be used to predict fundamental behavior of the liquid. Gen-

e erally, the global breakupprocess can be divided along the jet into four parts-- the

l curved column zone, the fractured clump zone, the spray zone, and the atomization
zone (soc Less and $chetz (1986)). Figure 1 is a schematic description of this

li representation for supersonic crossflow. Initially, in the curved column zone, the

i liquid forms a circular,coherent column of fluid. As the liquid penetrates the high-

I ,
!
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A : curt'cd ¢nlumn_mc I
B - fracturedclump zune

C : sprayzone I
D : atomizatiunzone
E : breakuppoint
F : sonicline
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E I : tensionpoint
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I
I speed crossflow, axial waves develop and propagate with increasing amplitude and

speed along the surface of the jet column. At the same time, the jet curves down-

I stream due to aerodynamic forces an:l typically fractures at the trough of a high-

amplitude wave. In the early stages of this zone, surface tension holds the liquid

! column together, although eventually, it works with the aerodynamic forces to frac-

i ture the column and decompose the liquid fragment. In this transient stage, from the
clump zone to the spray zone, the surface tension instability mechanism plays a lead-

I role in the in the atomization the mixing breakup process. Finally, zones droplets

. with the turbulent air stream and are vaporized. Although the breakup mechanisms

l have been studied in some detail by experimental researchers (e.g., Clark (1964),

I Sherman (1971), and Schetz, et al. (1980)), there is still no overall criterion for this
complicated phenomenon that can exactly predict the location of jet breakup.

I One emphasis of the present study with respect to liquid breakup is to be able

I to predict the beginning point of breakup in supersonic streams using a non-empirical
model incorporating compressibility effects, one of which has been shown previous-

I ly to predict liquid jet behavior well (Heister, et al. (1989), Nguyen (1989)). Schetz,

et al. (1980) first observed that the local sonic point associated with a sharp wave

i crest is a rather good indicator for the beginning of breakup. The liquid jet column

I fractures shortly behind the local sonic point, where the jet body has turned some
25-30 degrees from the initial vertical, lt is this observation which will be explored

i in one aspect of the present study, different analytical/numerical models are
Two

used for comparison here to study the influence of the local sonic point on breakup.

I First, the model used by Nguyen (1989) (see also Heister, et al. (1989)), in which nu-

I merical solution of the gas flow about locally two-dimensional slices of the liquid jet

I s
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is used to predict jet behavior, is incorporatedto estimate the local sonic point on the []

surfaceof the liquidjet. The secondapproachassumesthe trajectoryof the liquidjet i

tobeaneffectivelytwo-dimensionalbluntbody,withnumericalsolutionoftheair n
i

streamaroundtheliquidjet,fromwhichalocalsonicpointalsomay beestimated.

iAn examinationof the effects of surface tension and aerodynamicforces on

jetbreakuphasalsobeenundertakenbyanumberof researchers.Clark's(1964)ex- i
U

pcrimenmlstudyoftheinfluenceofinternalandexternalforcesinthebreakuppro-

cessrevealsthat,thoughthesurfacetensionattheliquidinterfacetendsinitiallyto i

restoretheliquidtoitsoriginalcross-sectionalshape,inthelaterstagesofthebreak-

I" upprocess,itactuallyassiststheaerodynamicforces(externalforces)intheprocess

ofdisintegration.Thestudiesby ShermanandSchetz(197I)andNejadandSchetz
II

(1972)explorethebalancebetweentheeffectsofviscosityandsurfacetensionfor

We employtheirideasinreasoningthatwhentheinter- m
transverseliquidjetbreakup.

nal(surfacetension)andexternal(aerodynamic)forcesarcofthesameorder,their

global contribution to the breakupprocess will begin to be significant. Anotheras- II

pect of the present analysis thus determines the position at which these forces areof ,_
W

the same order, againas a means of estimating breakuplocation.
lm

In consideration of the self-ignition of a fuel jet injected transversely into a n

hot stream, the following major questions arise: 1) what is the primary mechanism 1m
that triggers this spontaneous chemical process and causes flame spreading, and 2)

where does this phenomenon first happen.'?An examination of the fundamental phy- i
sical mechanismsand chemical kinetics associated with the laminar diffusion flame

as

surroundingthe liquidjet is thus necessary to explore ignition. Many theoretical in- i

!
' !
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vesdgadonsinto combustionat a liquid surfacehave been confined to the casesin

I whichthechemicalreaction,whetheritoccursinthegasphaseoratthesurface,is

consideredtotakepiaceatsninfinitelyfastrate(e.g.,CrespoandLinan(1975),and

I Burke (1928)). The model for the transverse liquid fuel jet in subsonic crossflow has

I thusfarconsideredonlyfas_chemistry(Nguyen (1989)).A studyby Chung (1965),
however,which examinesthechemicallyreactingnonequilibriumboundarylayer

I problem, reveals that the most interesting features of the problem are due to cou-
the

pling of the boundary layer characteristics and the finite-rate chemical reaction, and

IJ arecompletelylostintheequilibriumlimit(fastchemistry).Itisonlyincaseswhere

I the chemical reaction takes piace with a finite rate that the true behavior of a chemi-
cally reacting boundary layer, including ignition processes, becomes manifest. It is

I thus of interest to examine the effects of finite rate the liquid transversechemistry on

I jet problem.
By incorporating finite rate chemistry into the present problem, we are able to

i study the ignition phenomena associated with the jet's gaseous boundary layer. A

considerable problem in the study of ignition mechanisms is the question of an igni-

I tion criterion. In most experiments, the measurements of ignition-delay time are

based on the detection of light emission (e.g., Baev, ct al. (1984), and Kashiwagi and
Summerfield (1972)). The concept of the integrated reaction rate through the boun-

I, dary layer as a method for estimating ignition, first introduced by Kashiwagi and

Summerfield (1972), has been shown to yeild reasonable predictions, particularly for

i burning particles, lt is this concept that is used here as an ignition criterion.

I Although no specific experimental data arc available in the present problem for direct
comparison, the results from this model should be fairly useful in studying the con-

E
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trolling propertiesof the diffusionflameandpre_licdngtrendsrclat_ to ignition. I
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CHAPTER H

n OVERVIEW OF THE TRANSVERSE LIQUID FUEL JET MODEL

m

m Owing to the complicated nature of turbulent mixing in the liquid jet in

compressible flow, early modeling efforts focused on empirical descriptions of tiaejet

U trajectory and pressure distribution (see C.atton, et al. (1968) and Adelberg (196"/)).

I More recently, experimental studies have ev_Juated shock dynamics, droplet size,
wave phenomena, and interface stability of the jet (e.g., Less and Schetz (1986),

N Schetz, et al. (1980), and Nejad and Schetz (1972)). Among the important observa-

tions made by these researchers is the complex shock structure which forms in associ-

I ation with the transverse jet (see Figure 1). Whether laminar or turbulent, the gase-
,]

U ous boundary layer on the flare plate upstream of the jet separates, and forms a shock
which attaches itself to the dominant bow shock partially surrounding the jet. While

n lateral jet spread is seen to be strongly dependent on upstream Mach number, the ac-

tual degree of jet penetration depends more strongly on the jet-to-crossflow momen-

N tum flux ratio and pressure ratio (Kolpin, et al. (1969)). The cross-section of the

I liquid jet is determined to deform into a characteristic "horseshoe" or "kidney" shape
as a result of the pressure and shear fields present in the flowfield (Forde, et al.

!

I (1966)). This type of deformed cross-section is also observed to occur in jets injected
transversely into crossflow of the same phase (see Kamotani and Greber (1972),

m Fearn and Weston (1974), and Karagozian (1986a)), as a result of the formation of a

i vortex pair structure associated with the jet cross-section. This type of vortical strut-

! ,
N
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tur¢ also dominates the behavior of the gaseous fuel jet (diffusion flame) in crossflow I

(seeBrzustowski(1976),Broadwelland Breidenthal(1984),and Karagozian [l

(1986b)). I

The recent experimental efforts by Less and Schetz (1986) indicate the impor- I
ranceofthejet-to-crossflowdynamicpressureratioinpredictingthestructureand

behavioroftheliquidjet,and thedesirabilitytooperatefutureliquidinjectionsys- I
l

ternsathighdynamicpressureratios,makinguseofthesuperioratomizingcharac-

teristicsof ¢"_rtain liquid fuels. These researchers also note the correlation between I

liquid jet breakup (in both subsonic and supersonic crossflow) and the Strouhal m

nurr, ber associated with vortices shed past a circular or elliptical surface. This obser-

vation implies a relationship between transverse liquid jet breakup and the generation
I

. of vorticity at the liquid-_as interface, which results in the formation of vortical struc-

tures within the liquid jet and the characteristic kidney-shaped cross-section. I

The present vortex model is described in detail in Heister, Nguyen, and Kara- '1
I

gozian (1989) for the non-reacting liquid jet in supersonic crossflow, and in Nguyen

and Karagozian (1989) for the reacfng jet in subsonic crossflow. In these studies, the I

jet trajectory, flame characteristics (if present), and the external flow structure are I

predicted and compared with experimental data. The primary assumption employed

is that the jet behavior may be determined by examining the dynamics of locally i

two-dimensional slices of the liquid jet, taken perpendicular to its centerline. Slices

liquid jet are represented by the elliptical cross-section of a vortex pair recircu- I
of the

lation cell, consistent with experimental observations (e.g., Forde, ct al. (1966),

Kamotani and Greber (1972), and Fearn and Weston (1974)). For supersonic

I

I
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crossflow, a locally two-dimensional shock wave dominatesthe airflowaroundthejet

I cross-section. The external flow approachesthe ellipse at aneffective Mach number

i M=M,sin(_), where M, is the upstream Mach numberand _ is the inclination angle
of the jet slice taken with respect to the vertical. The bow shock enveloping the jet

I causes the gas to become locally subsonic in the stagnation region of the jet cross-
section, although the flow can become supersonic as it accelerates about the elliptical

I surface. Consistent with the representationof inviscid two-dimensional flow about

the elliptical jet cross-section(external to the gas boundary layer), the conservation of

I mass, momentum, and energy are governed by the conservative two-di_'aensional

i ° Euler equations. The computer code for solving this system of equations of gas
dynamics is constructed in finite volume form for arbitrary two-dimensional skewed

I grid cells and is based on the first-order,time-dependent numerical scheme developed

by Godunov, Zabrodin,and Prokopov (1961). A grid generation scheme using ellipt-

i ical coordinatesis developed.

I Two useful computational results from this model are provided in Figures 2

i and 3. Figure 2 describes the bow shock position about an ellipse for different
upstream Mach numbers. Ali external flow properties (pressure, density, etc.) can be

I calculated using this scheme. Figure 3 details the variation in velocity components
along the surface of the ellipse. The inviscid flow about the surface is used to "drive"

I the solution of the external gas boundary layer. As a result of the external aero-

I dynamic forces, a gas boundary layer develops along the elliptical liquid surface and
a much thinner liquid boundary layer forms simultaneously inside the liquid-gas in-

I terrace. The present situation is complicated by the fact that the velocity of the liquid
at the interface is non-zero, since the external (gaseous) flow drives the internal

I
I 9
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!
(liquid) flow within the jet cross-section. In order to examine the dynamic interaction I,m
between the liquid jet and the external gas flow, an incompressible vortex pair is used

to represent the internal liquid flow field, again consistent with experimental observa- I

tions (see Forde, ct al. (1966), Kamonati and Greber (1972), and learn and Weston I

(1974)). Coupling to liquid and gaseous boundary layers reasonably reproduces the l

dynamics of the two-phase flow problem. I
t

The main purposes of this liquid jet modeling effort (see Heister, ct al. (1989) I

and Nguyen and Karagozian (1990)) are to explore the nature of vorticity generation

in the probiem of transverse liquid jet, to evaluate its effect on the local drag associat- I

cd with the jet cross-section and, ultimately, its effect on jet penetration and trajecto-

ry. The drag acting on the elliptical cross-section of the jet is calculated by intor- l

porating the inviscid flow solution about the ellipse as the "outer flowfield" seen by I

the external (gaseous) boundary layer of the jet cross-section. Calculation of the i

growth of the external boundary layer, and determination of the local shear stress act-
1

ing along the liquid-gas interface, is performed using the approximate techniques of

Gruschwitz (1950) and Flugge-Lotz and Johnson (1955) for compressible boundary I

layers. The Gruschwitz solution, which employs a fourth order polynomial to ap-

proximate flow in a gaseous boundary layer, is used from the stagnation point to the l

shoulder (top) of the ellipse, while the Flugge-Lotz and Johnson solution (employing
I

a fifth order polynomial) is used from the shoulder to the point of separation. The

dual methods are employed here because of the superior ability of the fifth order po- I

lynomial solution to predict separation. Details of the computational procedures for

calculating velocity profile, displacement and momentum thickness as well as pres- I

sure distribution and shear stress corresponding to the ellipse surface are described by 1
12 |

1
!



!
!

Heister et al. (1989).

i An effective drag coefficient Co associated with the jet cross-section is now

I determinedby the integration of the shear stress as well as the distribution
pressure

along the liquid-gas interface. It is assumed that, beyond the separation point, the
_d

pressure acting at the surface is averaged between the computed pressures at the

i separationand rearwardstagnationpoint, a method shown to be reasonableby Gonor
(1980). Hence, for differentupstreamconditions (e.g., Mach number) seen by the lo-

I cal jet cross-section, an approximatedrag coefficient for the elliptical cross-section
may be computed according to the above procedure. Figure 4 shows this computed

J I result as a function of the effective Mach number, with comparison made to empirical

data for flow over a cylinder (a result used in earlier transverse jet models (Catton, et

I al. (1968) and Adelberg (1967))). Based on this determination of the drag coefficient

Co, the force balance perpendicular to the jet trajectory may be performed.

i The turning of the liquid jet is then determined by coupling the results of the
force balance to mass and momentum balances along the jet trajectory. The mass

I loss due to droplet shedding is taken into account at each cross-section of the jet.

through stripping of the internal viscous layer (after Gonor (1980)). Typical results

I for the predicted jet trajectories (and bow shock if present) are shown in Figures 5ab.

I These results indicate that the present analytical/numerical model accurately
represents both the external gas flow and the internal liquid flow so that appropriate

I jet behavior is predicted. Moreover, this model makes possible the determination of
characteristic properties important to breakup mechanisms.
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CHAPTER lli

i PREDICTION OF TRANSVERSE LIQUID JET BREAKUP

I Considerable attention has been given to the physical process of transverse

liquid jet breakup and its role in the control of the rate and/or completeness of

I combustionfor manyyears (see Clark(1964), Shermanand Schetz (1971), Nejad and

I Schetz (1972), and Schetz, et al. (1980)). The jet breakup location divides the
combustion process into two stages. Before breakup,the transverseliquid fuel jet

i and with the oxidizer in the boundarylayer at the surfaceevaporates reacts gas-phase

of a coherent, curved liquid column. This combustion process will be examined in

I next chapter. After breakup,the liquid fuel droplets interactwith the gas stream(and,

I undersome circumstances,each other), and bum either as individual particles or as
droplet clusters (Faeth (1977)). Thus, the determinationof jet breakuplocation is a

I firststep in the overall understandingof combustion in the transverse liquid fuel jet.

I In attempting to provide a reliable prediction for the breakup location in
supersonic crossflow, we first consider the simple criterion that the liquid jet column

I fracturesshortly behind the local sonic point, which was firstobserved by Schetz, et

al. (1980). This criterion, which concerns only the properties of the inviscid external

I gas flow, has been shown to be effective in predicting the breakup location, without

I having to deal with complicated wave phenomena and surface instabilities in the
liquid flowfield. The location of the local sonic point at the liquid surface is calculat-

|
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!
ed here by two differentanalytical/numericalprocedures. Using the model of Heis- mm

ter,et al. (1989) describedin the previouschapter,the local sonic point is first deter-

minated from the inviscid, compressiblecalculations using Godunov's (1961) numer-
MI

ical scheme. For purposesof comparison, a two-dimemsional blunt body model of

thejet is also developed and used to predictthe local sonic point. Predictionsby both I

approachesarecompared withexperimentalobservations.

!
As an alternative breakupcriterionto that of the local sonic point, we also ex-

plore a surface instabilitycriterion concerning the dynamic interaction between sur- N

face tension and aerodynamic forces in this chapter. Comparisonis also made here l

with experimental observations. U

3.1 Calculation of the Local Sonic Point I

3.1.1 Three-dimensional Approximation N

In taking a slice of the transverseliquid fuel jet, whose trajectory has been n
U

determined by the previously describedcalculation,the external flow approachesthe

jet at a local effective Mach number M=M,sin(_), where _ is the local angle of I

orientation of the jet (see Figure 1) and M. is the free stream Mach number. By m

computing the pressure distribution, velocity distribution,and the bow shock shape II

for the local external flow, incorporation of this information into mass and momen- ta
turn balances along the jet allows estimation of the global gas properties for the entire

three-dimensional flowfield. I

!
!
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The scheme developed by Godunov, et al. (1961) is used _ocompute the flow

I external to the liquid jet cross-section and boundary layer because of its inherent sta-

i bility, its computational efficiency, and the fact that it performs well in domains
where only a single shock is present. The scheme provides a first order accurate, ex-

I plicit formulation of the two-dimensional Euler equations of gas dynamics written in
conservative form. The numerical code, which is described in detail in Heister et al.

I (1989) and Heister (1987), is constructed in finite volume form and is able to ac-

i comodate arbitrary two-dimensional skewed cells. The boundary of the jet cross-
section is assumed to be an ellipse, so that elliptic coordinates can be used to generate

I the grid. The assumption that the stagnation streamline for a vortex pair recirculation
cell is very nearly elliptical is easily demonstrable.

I To expand our locally two-dimensional solutions to the global three-

I dimensional flow properties for the determination of local sonic point, we must con-

sider now the local axial velocity. In this stage, we are interested in the component of

I velocity that lies along the direction of the jet flow at its stagnation point. Because

i the component of velocity tangential to the bow shock (in the plane of the jet) is con-
served, it is reasonable to approximate the local axial velocity just outside the jet as

I v=U,,cos_. We can then compute the resultant Mach number in each grid cell along

the jet by coupling the solution of the jet orientation to the numerical compressible

I flow solution. The local sonic point has thus been deternained by this global Mach

i number distribution in a straight forward manner.

Figures 6a and 6b show the location of the local sonic point on the liquid fuel

I jet, as an indication of the breakup location, at different values of free stream Mach

I

I
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i

number M. andjet-_-crossflow momentum flux ratio J - The breakup lo-
p.U. 2" mm

cation ranges from 5 to 10 diameters downstream for Y = 5, and from 8 to 13 for i

J = 8. The sonic point on the liquid jet occurs further downstream with increasing
mB

momentum flux ratio and decreasing upstream Mach number (see also Figures 7a and

7b). These correlations agree with previous investigators' conclusions (see Less and i

Schetz (1986) and $chetz, ct al. (1980)), particularly in that the breakup occurs at
i

roughly I0 jet diameters downstream of injection. This correspondence with experi- U

mental observation is further exemplified by plotting the local angle _ corresponding n
i

to the sonic point as a function of M, (Figure 8). The angle t_ corresponding to the

sonic point ranges from about 50 degrees (for M. = 1.5) to about 75 degrees (for I

M. = 3.5), which is consistent with observations of breakup when the jet has turned
m

by 25-30 degrees from the initial vertical. Because this general solution is dependent i

on momentum ratio, it is particularly useful in determining the breakup location when am
the jet trajectory is known. This figure again shows the tendency that the smaller the m

M,, the further downstream the sonic point. I

3.1,2 Two-dimensional Approximation n

To gain a deeper insight into the nature of modeling the transverse liquid jet M
and its sonic point, a two-dimensional blunt body model is also used in calculating i

the external gas flow properties. By assuming the jet shape to act as an effective Iw
two-dimensional blunt body to the upstream gas flow, the supersonic flowfield ahead

of the body, including the sonic point, can be calculated again by the Godunov n

scheme used in previous calculation.

I
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Figure 7b Computcd local sonic point on the liquid jet for J =5.

24

I
I



I
I
I
I
I
I - 80.0

I •

7D.0

I
I

60.0

I
50.0

I .
I ,1 i _ _ .I , , , -

40.0 i

•5 2.0 2.5 3.0 3.5

| ""

I
Figure 8 Angular oricmafionof wansvcrscjet at its loca]sonicpointasa

functionof upstreamMach number.

I
25

!
I



!
The numerical grid generation for this calculation is constructed by transform- i

ing the physical polar coordinate domain ( r, Ob ), where r > R and R (Ob) is the I

mathematical represention of the blunt body shape, to the computational domain ( _

,llb ) by

+
b (3.t) I

This wansformation is shown schematically in Figure 9. The domain of computation I

is from _, = 0 (blunt body surface) to _b ffi1 (r = 4R, far beyond the bow shock loca- I

- tion). The shape of the jet or the blunt body is calculated from the approximate solu-
B

tion of Heister, et al. (1989).
m

Figures lOa and lOb are two typical solutions of the two-dimensional super- I

sonic external flow about the blunt body, with the bow shock shape and the local son- I

ic line detailed. As compared with empirical data and calculations based on the ap-

proximate three-dimensional solution, both the bow shock and the local sonic point I

occurs significantly upstream of their experimentally observed locations. Clearly, I
these errors are caused by the neglect of the three-dimensional relieving effects actu- I

ally present in this complex flowfield. While the model of Heister, el al. (1989) may Iw
only approximate these three-dimensional effects by taking two-dimensional slices of

the jet cross-section, the model appears to reasonably represent enough of the impor- I

tant physics to be able to predict bow shock and sonic point locations accurately.

l

!
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!
3.2 Calculation of Stresses I

The importanceof the surfacetensioninstabilityto the breakupprocessis ex- II
arnined in this section, as one other alternativeto determinethe transversejet breakup II

location. In the experimental studies by Clark (1964), the author indicates that the II

breakupof a transverseliquidjet can be deducedfrom a considerationof the internal

and external forces acting atthe liquid interface. Contributingto the breakupprocess I

are the normaland tangentialcomponentsof the aerodynamicforce of the compressi- m

ble gas acting at the liquid surface. The tangentialcomponentof stress, in particular, i

becomes very large furtherdownstreamof the injection point. Moreover, though the
g

surface tension of the liquid tends initially to restore the liquid to its original cross-

sectional shape, it actually, in the later stages of jet development, assists in the pro- I

cess of disintegration(Clark (1964)). Hence as a first-orderestimate, the location

where aerodynamic forces due to shearand surfacetension areof the same ordercan I

be used as a criterionfor determiningthe breakuplocation. I

The presentcalculation focuses on the distributionof axial shear stresses at II

the liquid-gas interface along thejet trajectory,evaluatedat thejet's local stagnation

point, where the stresses are the most severe. This problemrequiressolution of the
II

local gas and liquid phase velocity profiles simultaneouslyalong the jet trajectory.

For this type of two-phaseflow problem,we consider a two-dimensional slice of the I

jet taken parallel to the centerlineof the jet trajectory,intersectingthe stagnationre- m

gion along the jet. In view of solving for the axial shear stresses at the interface, this I

mathematical model serves well in simplifying the vector space and reasonably II
II

reproducing the most severeconditions for shear stress distribution.

!
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I

The two-dimensional, steady momentum equation describing flow in the

I liquidphase boundary layer in the axial directiontakes the form

I where s andy arethe componentsparallelandnormalto thejet trajectory,respective-
ly, and v: is the local kinematic viscosity of the liquid. This sy coordinatesis shown

I schematically in Figure 11. Furthermore,by applying Bemoulli's equation along the

i liquid jet trajectory,we have

pds (3.3)

where Uo(s) is the local velocity within the liquid freestream. Equation (3.2) then

I reduces to

i)u dUo + _2u
I u'_-s vl_y2 (3.4)=U0-_ ---

I and because of the symmetry at the centerline and the continuityof shear stresses at
the interface, we write the boundaryconditions as

| a.
y=O , _y=o

I W Ou i_u

I
Here W is twice the semi-minor axisofthe elliptical jet cross-section, lag is the local

I dynamic viscosity of the gas, and I.ttis the local dynamic viscosity of theliquid.

I
!

31

I
I



I
I
I
I
I

I
Figure 11 Schematicof _-coordinatcsalongjct o-ajcctory. I
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Following the same analyticalprocessfor the liquid-phaseflow, the governing

I equationfor the gas-phaselayeris writtenas

a. Ia_p_.+v__2| "_-=--;a, <3.5)
I with boundaryconditions

I =wY T ' _s =_'oy

I wy =_+Ss , u=U.cos(,)

I - where is the local kinematic viscosity of the gas, 6&is gas boundarylayer thick-V&

ness, and U. is infinite free streamvelocity. The pressuredistributionat the stagna-

I tion point along the jet trajectoryis derivedfrom shock dynamics and can be written

p =p,(I+0.2M2) 3"5(1.167M2--0.167)-2-s (_1 +0.167)-3-_

I 1.25/2
where the local effective Mach numberupstream of the bow shock M=M,cos(¢).

I In attempting to solve the governing equations simultaneously, we first non-

I equations(3.4) (3.5) using liquid velocity Uj at injec-
dimensionize and the initial lhc

tion point and twice the semi-minor axis W, Io get

I _" _" Ret _2 (3.6)

_c3_ _ I a2_
I U--=- +----i)_' _" Reg _)_.2 (3.7)

I
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where "_ms /W, _ my /W, "_mu/U), UoO')m Uo(_')/U), _ = p /pU) 2, and where the I

numberRez= U)W, and the "gas" Reynolds numberReg is definedhere IIjet Reynolds
VI II

u#w
as . The non-dimensionized boundaryconditions reduceto: n

V8 II

_ =o. a_=o n

y=o.5, _ _ I
II

_=o.5+-_. _=-_ co_(,) I
By using backward discretizationbased on the Crank-Nicolson scheme, we i

m
can transformthe governing differentialequations into tridiagonal difference equa-

crucial part of this numericalprocedure involves handling the interface i
tions. The

condition. By introducingimaginarypoints into the opposite phase layer for both
I

gas-phase and liquid-phase flow at the interface, we are able to satisfy the interface J

boundarycondition. After tedious linear algebraic operations, the governing equa- n

tions reduce to the finalmatrix equationAu=b, where the matrixA takes the form

I
I
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1 0 0 0 0

I -1 2 -1 0 01+
Reshuij Reghuij Res/mi/

2 2 -1 2C

I 0 < , 1+ . .

2

Rejhu_ C1+C2 Re_ui ' Re'Thui C1+C2 > 0
-1 2 -1

I Relhuij Re_huij Re_hui/
0 0 I+

-2 2

I 0 0 0 Relhu_ 1+ gethu_

where h is the step size of discretization and u0 is velocity at each grid point, and

I where the terms inside the brackets< > are the terms in the final interfaceequation,

I The axial velocity
Reg tt._L

where u_ is the interface velocity, and C I = Re: ' C2 = tr# "

I profiles along the jet trajectory are obtained by solving the above matrix equation
iteratively throughoutthe entireflowfield.

I Figures 12a-e display the local velocity profiles of the liquid and gas phase

I boundary layers along the jet trajectory at different axial locations. In the range of
0 _<_ < 0.5 ,the profile expresses the variation of liquid-phase velocity, while in the

I range 0.5 _ _"-<0.53 ,the profile representspartof the gas-phase boundarylayer velo-

i city. Initially, the axial interface velocity increases rapidly from zero at the injection
point in the first few diameters downstream, and then it gradually goes to its max-

I imum (=0.63U) at around _"= 9. From the velocity profile, as we have expected, the
liquid and gas viscous layers arerelatively thin. This is differentfrom the transverse

I gas jet, whose internal axial velocity profilechanges significantly throughout the en-

tire flowfield during the penetration process. The reason that the viscous stresses are

I confined to a thin layer in the liquid jet problem is that the kinematic viscosity of the

I
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Figure 12aComputedaxial velocity distributionat _'=1. "
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liquid is one to two orders of magnitudelower than that of the gas. These velocity

I profile characteristicsfor the present model are consistent with those from general

I boundary layer theory. The errorthat arises aucto neglect of terms of the order v-_

is well within 5 percent.

I
Hgures 13ab details the nondimensional interface shearstresses along the jet

I ,a'ajectoryevaluated at the local jet stagnationpoint. At the jet orifice,resulting from

the singularity of the axial component of the gas velocity at the injection point and

I the wall effect of nozzle, the shear stress is somewhat less than zero. But as soon as

I the jet turns while penetrating the crossflow, the shear stress increases significantly
and monotonicallydue to the increasing blowing strength.

I From the computed shear stress acting at the liquid interface, together with

| 2othe effective surface tension stress --_, the concept of transverse jet breakup first

I proposed by Sherman and Schetz (1971) and Nejad and Schetz (1972) can be ex-
plored. The location at which both stresses are of the same order (the so called "ten-

I sion point") indicate the beginning of the breakupprocess. Figures 14 and 15may

display this "tension point" together with the previously determined sonic point along

I the jet trajectory. For higher momentum flux ratios, the "tension point" tends to oc-

i cur a few diameters upstreamof the sonic point, which lies closer to the actual break-
up locations indicated by Schetz, et al. (1980). The "tension point" does not appear

I to vary significantly with momentum flux ratio, and very little with crossflow Mach
number. This is consistent with the observation that the shear stressdistribution does

I not vary significantly withM. and ./(see Figures 13ab). The estimation of the sonic

i point, however, inherently includes the alteration in the jet trajectory with different
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Figure 14 Computed local sonic point and tension point on the liquid jet

atM. =3. I
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I Figure 15 Computedlocal sonic pointand tensionpoint on the liquidjet

I atM. =2.
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input values of M. and J, so that the sonic point varies more significantly with these

input variables. I
3.3 Discussion

!
The prediction of the liquid transverse jet breakup location has been estimated

using the model of Heister, et al. (1989) and the criteria of the local sonic point and I

surface tension shear stress balance. Generally, the sonic point criterion is more SUC- res

cessful in predicting the breakup location as observed by experimental researchers

(Schetz, ct al. (1980)), although at lower jet-to-crossflow momentum flux ratios, the 1
II

"tension point" criterion also may be reasonable. While the present approach certain-

ly is not the "final word" in the study of liquid transverse jet breakup in a supersonic I

stream, it does provide a computationally inexpensive (one minute on an IBM 3090-
III

600s) means of estimating the breakup point. The calculation also estimates the limit I

for the applicability of coherent liquid jet models (e.g., Adelberg (1967), Carton, et II
II

al. (1968), Heister, et al. (1989), and Nguyen and Karagozian (1990)).

!
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I CHAPTER IV

THE BURNING LIQUID JET WITH FINITE RATE CHEMISTRY

!
" Studies of combustion in the gas phase boundarylayer of the transverseliquid

I " jet with an infinitely fast chemical reaction rate have been completed by Nguycn

(1989) for low subsonic crossflow. In this study, sharp discontinuities in the gra-

I - dients of mass fractionsand temperatureacrossthe diffusion flamereflect a very thin

i flame front, and allow predictionof fuel consumption rates without having to deal
with the complex chemical kinetics requiredto representthe reactionmore accurate-

I ly.

I In the limit of fast chemistry, the energy and species equations are simplified
to the equilibrium case with only a chemical source termat the flame front. In the

I by Nguyen (1989) (also Nguyen Karagozian
solution described in and (1990)), the

gaseous boundarylayerequations arereduced to a set of coupledordinarydifferential

I equations via the Levy-Lees and Howarth-Dorodnitzyntransformations(see Lees

I (1956)) to characterize the effects of chemical reaction in the compressible boundary
layer. Solution of the equations allows calculation of velocity, species, and and tem-

I profiles in the phase, and evaluation of mass loss at the liquid surfaceperature gas

with and without the combustion process. In orderto predict more complex combus-

I tion phenomena such as ignition, however, it becomes necessary to represent the

i reaction using finite rate chemistry.
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A numberoftheoreticaland numericalstudieshavereportedon thefunda-

mentalproblemofchemicalreactionsinthegasphaseboundarylayeradjacenttoa !
liquidfuelsurface.A thoroughstudyby Chung (1965)forchemicallyreactingnon-

equilibriumboundarylayerscoversboththesurfacereactioncaseandthegas-phase i

reactioncaseusingthemethodsofnonsimilarand self-similarsolutions.The same

typeofflowsituationalsooccursintheboundarylayeradjacenttoa burningliquid i

fueldropletina convectiveflowfield(studied,forexample,by Saitohand Nagano
n

(1980)). In thesestudies, finite rate chemistryallows more accuratesolution of the i

reaction zone. U

In the present work, we consider a one step irreversible Arrhenius second ord- i
U

er equation for the finite rate chemical reaction across the diffusion flame. This ap-

proach, though requiting more complexity in thecomputationalmethod,will make it n

possibleto studydetailedreactionmechanisms,particularly thoseassociatedwith ig"
=mm

nition and, possibly, extinction. In the study of ignition and flame spread by i

Kashiwagi and Summerfield (1972),the authors have shown that, in convective igni- I
tion, an exothermicgas-phasereaction rather than an exothermic surface reaction

controls ignition. They use a maximum in the integrated value of reaction rate n

through the gas-phaseboundary layer asa criterion which is successfulin predicting

ignition characteristics.This approachis usedin the presentanalysisto predict fuel I

jet ignition, again, in low subsoniccrossflowonly. The incorporationof finite rate m

chemistryinto the analysisalso allowsmoreaccuratecalculationsof evaporationrate

to be carried out, in addition to flame temperature,mass fTaction distributions,and i
i

reaction rates.

I
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I 4.1 Development of equations

I For a homogeneous, finite rate chemical reaction in the boundary layer, as-

I suming a one step irreversible Arrhenius reaction with a large activation energy Ea
(see Williams (1985)), the molar rate of consumption of the fuel per unit volume is

I given by

I ' 1 dCo dC-i: p2 rogvA, 'jI • =--i=MoUv exp

i for the reaction a [ O ] + [ F ] -_ [ P ]. Here [ O 2 ], [ F ], and [ P ] represent oxi-
2

dizer, fuel, and combustion products, respectively, a represents the oxidizer-fuel

l stoichiometricratio,Co and CF arethemolarconcentrationsofoxidizerand fuel

I respectively, Ru represents the universal gas constant, Mo and MF are molar weights
of oxidizer and fuel respectively, Ar represents frequency coefficient of Arrhenius

I equation, and Yo and Yp are mass fractions of oxidizer and fuel respectively. Further-
more, we can write the oxidizer and fuel mass consumption rate as

I
[ -EaCOo= --YoYFAr exp ]

' M F RuT

i (4.1)
2 -Ea

I Mo (4.2)

i The steady state governing equations for gaseous chemically reacting laminar

boundary layers can then be deduced from the standard conservation equations for

I multicomponent reacting systems:

i Continuity
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I

_(pu)+ a(pv)=0 II
ax _ (4.3)

Momentum I

U'_x+_)uv._..__la_p..+ I _) . au) Ipax "p'_- _- (4.4)

Species I

_Yi aYi a2Yi mi

u-_--x +v-_--=o_2 p (4.s) l

Energy I

_T _T. u _)p_+ I _) _...Q_Q r,oF+ l.t(._)2 I_ +_ =Cpp_ cpp_ (x )+cp p cpp (4.6)

+ I-L_'P(__-))cp (_y I

where the enthalpy of species i, hi, is defined to include the energy of formation, in I

the form

i=_OCpidT + h 0
I

In these equations, Cp, _, D, and Q are the specific heat of the gas mixture at constant 1

pressure, the thermal conductivity of the mixture, the coefficient of mass diffusion of li
I!1

the fuel in to the oxidizer, and heat of reaction per unit mass of fuel, respectively.

Implicit in the above equations are such simplifying assumptions as the Fick's law of I

diffusion, constant specific heat, and constant thermal conductivity, in addition to the
ill

equation of state, pT = PeTe (where e represents the external flow). I

!
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I

Following the customary boundarylayerpractice,we shall first investigate the

I possibility of obtaining a self-similar solution. For this purpose, we have to

I transformthe governing_uations and boundary conditions from ( x, y ) coordinates
to ( _, TI) coordinates. Following the I.,cvy-Le_stransformationdescribed by Chung

I (1965) andKou (1986), we define

Ue fY
I n:_ -_°p_

i where

" _: _o_p,_,u._

I The continuity equation (4.3) is automatically satisfied by introducing the stream

I function _, which is definedby the usual compressible relations

I pu
I pv= _xI

I Defining a nondimensional stream function F as

i F(_) -

I we then have U

i (4.7)
representing the nondimensional velocity distribution within the boundary layer, and

!
I

!
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I
p,p.Oe P,I_,Ue I

(4.8) I
representingvertical momentumconvection.

By assuming pi_ = Pel_e = constant throughout the flow field, the conscrva- I
1

tion equations of momentum, species, and energy are thus transformed into: Momen- I
1

mm

F"" + FF" + _[0 - F '2] = 0 (4.9) 1

li ME O (4.10)

Energy 1
le,,

-/LE

Y°Yi:Mo01exp [---_]
= -A2F"2 - Al A3 I

where I
T

_o

2_ 1
a_- , I

_p2U_

!

,2 I
I
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I u,

I

I
I I3in equadon (4.9) is called the "pressure gradient parameter" defined by

t 13= U, "_ (4.12)

where _ is the transformed distance along the elliptical surface (x coordinate), meas-

I ured from the stagnation point. In the above equations, the Schmidt number

I Sc- -_D' Prandtl number Pr_ --_'CPI_and Lewis number Le - pD-"--_pXare assumed

I constant. The corresponding boundary conditions for the present problems are
Tw

i n=O.F'=r,, F=Fw. ro=0. YF=YFw. O=r,

i rl_oo" F'_I, Yo-_l, YF--OO, O--ol

where Fs is the effective vortex strength which characterizes the surface flow along

I the jet cross-section boundary (see Nguyen and Karagozian (1990)).

I The boundary layer equations (4.9)-(4.11) still cannot be solved since the

boundary conditions involve two unknowns, namely, Fw, the value of the function F

i at the liquid surface, and YFw, the fuel mass fraction at the surface. By assuming that

I the jet cross-section boundary is impermeable to the gaseous flow, however, the value
of Fw is the measure of the evaporation rate, so that YFw, in turn, depends upon the

I heat transfer rate across the liquid-gas By considering
interface. the equation (4.8)

I
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and the interface mass-flux balance of fuel, I

(PD_'_- )w = (Pv)" [YF'+ - YF'-] I(4.13)

thevaluesofFw andYFwcanIxfoundtotaketheform I
mm

Fw =-BOO'.,

So |
YFw -- _

l+Bo I
where

- I
B o= Cp(Te-Tw)+ aQ

Qt
1

andQt istheeffectivelatentheatofvaporizationoffuel.
i

Thus,thevaluesofFw and }'Fwareuniquelydeterminedby thefreesu'cam I

conditions,theeffectivelatentheatofvaporizationofthefuel,thelocaltemperature 1
m

attheliquid-gasinterface,andthewalltemperaturegradient.
J

4.2 Numerical procedure I

In order to attempt a solution to the sytem of equations in the previous sec- l
I

tion, it is necessary first to reduce the third-order nonlinear ordinary differential equa- /
II

tion (4.9). By introducing the new dependent variable f, defined by

fmF" i

equation (4.9) becomes I

I
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f" + Ff" + _ ( O- f 2 )-0 (4.14)

I The standardNewton-Kantorovichprocedure is then taken to quasilinearize both

t equation_ "4.14)and (4.11). The general nonlinear terms are linearized using the
Frechet-Taylorexpansion. We finally arriveat a solvable form for equation(4.14),

I f'" +Fr'- 213f'f=-13(e +f*2} (4.15)

I and the linearizedterms
-A£

i 1 -AB AB -AB AB 1 0_- exp(--_--)= - -_--)exp(---_ + -_- - -_-) (4.16)

for the chemical source termin equation (4.11), where the superscription* denotes

I the previousiterationvalues.

I By discretizing equations (4.10), (4.11), (4.15), and (4.16) using the central

l differencingapproximation,we obtain four coupled tridiagonalequations. This sys-
tem is solved iteratively by a conventional tridiagonalequation solver. Since the

I boundary conditions involve the derivatives of temperature and concentrations,

difficulties arise in the numerical computations. Two key factors that influence the

I success of a stable computation are, first, the selection of the approximate forms of

I the initial profiles of temperature and concentrations, and, second, the correct itera-
tion orders for these four governing equations.

i The Appendix includes the computer code used here for the finite chemistry

I calculation. This particularcomputational procedure, running under double precision
on IBM 3090-600s, works very well in representing the diffusion flame. Although it

I remains difficult to estimate its computational efficiency in the absence of standard-

!
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I
ized initial conditions, the stability of the present computational method is found to i

be excellent. The domain of computation is selected to be from TI=O(liquid-gas in-

terface) to vi=20 (gas free stream) and 40 spatial grid points per unit length are used I

!

to perform sufficiently accurate calculations. ,I
J

Typical results and corresponding phyiscal phenomena will be discussed in
!

the following section. I

4.3 Results and discussion

Illustrative calculations have been carried out for n-decane as a typical liquid I

fuel. The following physical properties can be used in a simple calculation:
ml

, rx= 15.5, !

A, = IxlO s, I

Ea = 20- 40 kcallmole, I

Le = Sc = Pr = l, I

Tw = 400K, I

T, = IOOOK, I

Yo_= 1.0,

!
Cp = 1062 Jlkg K,

,li

Q = 2380.935 kJIkg, 'li

I
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12z= 321.079kY/k&.

I Theliquidtemperatureisassumedconstantthroughoutthejet,asearlierstudieshave

I shown that for these types of liquidtransversejets, the heating of the liquid is negligi-
ble (see Nguyen (1989)).

i Figures 16abshow the typical temperaturedistributions andmass fraction dis-

i tributions at the stagnation point for incompressible and low subsonic cross flow.
The peak in the temperaturedistributiontogetherwith the overlapof fuel and oxidiz-

i er in the reaction zone are indications of the flamelocation. The flame temperature

increases to roughly twelve times the liquid surface temperature,afterwhich the gas

I temperaturedrops to the free streamtemperatureasymptotically. The reaction zone

I thickness is finite here, underthe finite rate chemistry assumption, but is still very
thin, consistent with the relatively small activationenergy used here. Especially for

I incompressible cross flow (M--0), the reaction zone thickness tends to go to
the fast

reaction rate limit, which means thatwith increasingcompressibiliV the finitechem-

I istry effects will be more significant. The solutions from Saitoh and Nagano (1979)

I for transient combustion of a fuel droplet with finite ratechemisu'y (see Figure 17)
also have similartemperatureand mass fractiondistributions. In the presentsolution,

I by reducing the activationenergy further,we can predict the flame and concentration

i characteristics in the limit of a fast reaction rate (Figure 18). We can also carry outthe solutions for nearly frozen flow, the opposite extreme, by increasing the activa-

I tion energy so that the chemical reaction proceedsat a negligible rate. Figure 19 is a
typical solution for frozen flow.
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i Figure 16b Typical flame sl_-uctur¢at stagnation point for M =0.3.
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,l Generally,inallthesecases,thethermalboundarylayersaxeconfinedwithin

i 11= 3.5 and the flame location is at about 11= 1 at the stagnation point of the ellipse.
The information concerning the reactions occuring in the boundary layer can be used

tostudytheoverallcombustioncharacteristicsoftheliquidfueljet.

l Figures 20-23 describe trends for the variation in the temperature and species
concentrations corresponding to different locations along the elliptical surface, for

l different effective Mach numbers. As we move along the ellipse from the stagnation

i point,theflameappearstomove away fromtheliquidsurface,consistentwithintui-.. tionandwiththemodelingofNguyen (1989).At thesametime,themassfractions

l offuelandoxidizerwithinthereactionzonearebecomingsmaller.Clearly,thecon-
vectiveeffects,includingultimateseparationoftheboundarylayer,causetheflameto

l move away fromthesurface,furtherfromthesupplyoffuelvapor.Temperaturedis-

tributionsatvariouslocationsalongtheellipseareshown inFigure24 and25. 'lhc

i maximum temperature tends to drop as one moves away from the stagnation point,

i consistent with the drop in the stagnation temperature of the gas near the surface
away from the stagnation point.

l Our main objective here is to identify the ignition position along the jet

i cross-section using the observations of previous researchers. Two alternative
mechanisms were postulated by Kashiwagi and Summcrficld (1972) as responsible

i for the development of ignition: (1) an exothermic gas-phase reaction in the boundary

l layer, and (2) a heterogeneous reaction at the interface. Each of the two theories- takes into account the changing profiles within the boundary layer during the induc-

I tion period prior to ignition, the simultaneously changing thermal profile below the
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surfaceof the fuel due to convective heating,and the graduallyrising rate of reaction, i

Ignition is said to occur at that time and that location at which the reaction rate m
reaches a suitabllydefined "runaway"condition,or local maximum. In their theoreti-

cal studies,Kashiwagiand$ummerfieldfoundthat,inconvectiveignition,anexoth- me
ermicgas-phasereactioncontrolsignition,ratherthananexothermicsurfacereac-

tion.Therefore,anignitioncriterionbasedon thegas-phasereactionrateisexam- I

incdhere,sothatviathegas-phasemodel,thepredictedignitionwilloccuratsome
8

downstreampositionalongthejetcross-section,thedistanceincreasingwithincreas-

ingflowvelocity anddecreasingoxidizerconcentration. I

As showninFigures26a-d,theintegratedvaluesofreactionratethroughthe ill
boundary layer are plotted as a function of non-dimensional distance along the

- |cross-sectionboundary,_= _ wheretheh0 isthehalf-spacingofthevortices.
h0'

Note the change in scale between Figures 26ab and 26cd. The distribution of in-
gR

tegrated reaction rate tends to have a maximum close to but not exactly coincident

with the stagnation point, and falls off with _ after_=10-l. This distribution, and its I
order of magnitude, are very similar to those observed by Kashiwagi and

Summerfield (1972) (see Figure 27). As shown in Figures 26a-d, the global reaction I

rate increases with increasing effective Mach number,resulting from the higher stag-
J

nation pressure and higher maximum temperature in a flow with higher Mach

number. The maximum in the integrated reaction rate also tends to move down- i
J

stream of the stagnation point with increasing freestream Mach number. Using the

local maximum in the integrated reaction rate, however, the predicted ignition posi- I

tion generally lies quite close to the stagnation point. While this result clearly indi-
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I
catesthatignitionislikelyunderthelow subsoniccrossflowconditions,theobserva- I

don thattheignitionpositionmoves downstreamwithincreasingcrossflowMach

number impliesthatignitionmay be more di_cultto achieveat higherMach I

numbers. I

The totalmassoffuelconsumedata givenlocationalongtheliquidjetby the
i

flame can be found by integratingthe reaction rate along the jet cross-section.This I

lossofmass by thejetresultsina reductioninitslocalcross-sectionala_ca.The Ii
II

plotsinFigures28-30show thevariationineffectivejetcross-sectionareaalongthe

jet trajectory for different momentum flux ratios, upstream Mach numbers, and fuel I
I

types. At breakup locations on the order of 10 jet diameters downstream, the liquid

ijet cross-sectional area is still over 50 percent of its initial value. If the jet were to

remain coherent downstream of 10 diameters, its area ratio would asymptote to a con- ii
IIstant value by 20 diameters. Consistent with the reduced flame temperatures at lower

frecstream Mach numbers indicated in Figures 24-25, there is a smaller degree of iu
mass loss by the jet at smaller values of M. as indicated in Figures 28-30. The

difference in jet axial velocity profile between present solution (see Figures 12a-e) I

and the constant velocity model used by Nguyen (1989) is believed to result in the li

difference in effective jet cross-section area in Figure 30. Finally, Figure 31 indicates

the altered jet trajectory that can arise due to the mass loss computed and shown in J
11

Figures 28-30. As compared with the non-reacting jet trajectory, there is only a slight

(5-10%) reduction in the degree of jet penetration when a reaction is present. The ob- I

servations here are consistent with those of Nguyen (1989) and do not appear to be I

influenced strongly by the inclusion of finite rate chemistry.

t
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Figure 29 Effe..clivejet cross-section area along the jet for./=20. I
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I CHAPTER V

i .. CONCLUSIONS

In the presentdiscussion of transverseliquid fuel jet breakup,burning,andig-

l nidon we have presentedanalyse_ which are rathergeneral in naturesuch that they

I may also be useful in studying other types of transversejet (e.g., gaseous) and non-
- equilibrium boundarylayer problems. The results described in this thesis indicate

t that most of the features of the present analytical/numerical model accurately

representthe flow phenomena associated with predictingliquidjet breakupin super-

I sonic crossflowand burning in a low subsoniccrossflow.

I The currentapproach compares two different jet breakup criteria, the local

sonic point vs. the "tensionpoint" criterion, and indicates the sonic point criterionto

I be superior. Of course, inherent to the calculation of the local sonic point along the

I jet is the assumption that the actual jet trajectory after breakup is not significantly
different from that which would occur without breakup. As indicated in Heister, et al.

I (1989), after 10 jet diameters, the experimentally observed trajectories do tend to lie

10-15% below the trajectories predicted using the assumption of a coherent liquid jet

I column. This difference in trajectory shape is not large enough to make a significant

I difference in the location of the sonic point. We might add that a reduced degree of
penetration of the jet after breakup is consistent with the fact that the effective drag

t on the set droplets comprising jet greater drag on
of the cross-section is than the the

!
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singlejetcolumn. I

Whileexperimentaldatafor nonequilibriumboundarylayerandignitionposi- I

tions for the transverse liquid fuel jet are not available, the numerical results for the
ii

nonequilibrium boundary layer by Chung (1965), for the fuel droplet with finite rate 1

chemistry by Saitoh and Nagano (1980), and for hydrocarbon diffusion flame
|behavior by Jones and Lindstedt (1988) have been used to compare with the present

flame structure solutions. The predicted temperaturedistributions,massconcentra- I

don distributions,andreactionratedistributionsagreequitewellwiththeseprevious

solutions. The ignition position is found to be situated near the stagnation point of I

the jet cross-section, and it is observed that for higher free stream Mach numbers, the lm
ignitionpositionmoves furtherdownstreamalongtheellipsesurface.To date,there

are no papers available which describe experimentally the observed ignition position
gl

for the transverse liquid fuel jet. Future studies will concern the burning of transverse

liquid fuel jets in higher upstream Mach number flows, incorporating numerical I

representation of the compressible gas phase flow.
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APPENDIX I

C

c IC THIS PROGRAM IS TO SOLVE THE DIFFUSION FLAME WITHIN BOUNDARY
C LAYER WITH FINITE RATE CHEMISTRY.
C

IMPLICIT REAL*8(A-H,O-Z)
C I

C INITIALIZE THE FLOW PROPERTIES
C 111

PA RAMETER (II=0.025D0,N--401,ERR=1.D-7,'IT.=1000.D0,TW--400.D0,
* PR= 1.D0,S C= 1.D0,AR= 1.DS,VIS---41.9D-6,AEXP= 10.071686D0,RO= 1.765I_,
* QF--4380.935D 1,QO=683.03D0,QL=321.08D0,FM= 142.29D0,CP= 1.062D0, g
* U= 186.06D0,URATIO--0.132D0,S--0.011 D0,BETA= 1.00D0,ALPHA= 15.5D0)

DIMENSION F(N),YO(N),YF(N),TEM(N),FF(N),FFF(N) I- COMMON/COM I/Cl (2000),D I(2000),E I(2000),B I (2000),NL
UE=U*URATIO
DAM=2.D0* AR*0.003D0*S/VIS/UE**2

DQ=QF/(CP*TE*32.D0) IDATI =UE**2/(TE*CP* 1000.0)
B0=(CP*(TE-TW)+ALPHA* 1.D0*QO)/QL

C SET UP INITIAL GUESSES FOR MASS FRACTIONS AND TEMPERATURE
C

NL=N

NI=N-I IF(I)=O.DO
F(N)=I.DO

TEM(1)=TW/FE ITEM(N)=I.D0
YO(1)=0.D0
YO(N)=I.0D0
YF(1)=B0/(I.D0+B0) I
YF(N)---O.D0
DO 2 l=2,Nl
F(1)=(F(N)-F(1))/400.D0*(I-I)+F(1) I
TEM(1)=(TEM(N)-TE M(I ))/400.D0*(I- 1)+TEM(I ) I!

YO(1)=(YO(N)-YO(I))/400.D0*(I- I)+YO(I)
YF(1)=(Y F(N)-YF( 1))/400. D0* (I- 1)+YF(I ) I

2 CONTINUE I
FF(1)=0.OD0
DO 4 I=2,N I
FF(1)=FF(I-I)+H*F(I-I) |4 CONTINUE

s6 |



!
!

C SOLVE EQUATION SYSTEM 1TERATIVELY UNTIL THE LARGEST ERROR
C IS LESS THAN lE-7

DO I00M=I,500
EMAX=0.0D0

C
I C MOMENTUM EQUATION

C

I DO I0I=2,NIC 1(I)= 1.D0-1_(I)*H/2.D0
D 1(I)=- (2.D0+2.D0*H**2*BETA*F(I))

. E 1(I+ 1)= 1.D0+FF(D*H/2.D0

I B 1(I)=-BETA*H**2* O'EM(I)+F(I)**2)10 CONTIN1.JE
D1(1)=1.D0

i EI(2)=0.D0CI(N)=0.D0
DI(N)=I.D0

i BI(1)=F(I)BI(N)=F(N)
CALL TRI
DO 12 I=I,N

I DTEMP=AB S(B 1(I)-F(I))IF (EMAX.GT.DTEMP) GO TO I l
EMAX=DTEMP

i 11 F(1)=B 1(I)12 CONTINUE
IF (ERR.GT.EMAX)GO TO 101
DO 9 I=2,N

I FF(1)=FF(I- I)+H*F(I- 1)9 CONTINUE
C

I C SPECIES EQUATION FOR OXIDIZER MASS FRACTIONC
DO 20 l=2,Nl

i C I (I)= I. D0/S C-FF(1)* H/2. D0DI(1)=-2.D0/SC
* -H 2 DAM ALPHA YF(1) EXP(-AEXP/TEM(1))/TEM(1)_M
E 1(I+ 1)= 1.D0/S C+I_(1)*H/2.D0

I B 1(I)=0.0D020 CONTINUE
DI(1)=I.D0

I EI(2)=0.D0DI(N)=I.D0
CI(N)=0.D0

i BI(I)=0.D0BI(N)=I.0D0
CALL TRI

I
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DO 21I=I,N II
YO(I)=B I(I) II

21 CONTINUE

C SPECIES EQUATION FOR FUEL MASS FRACTION
C

DO 22 I=2,NI

C] (I)=I.D01SC-FF(I)*H_.D0 iDI(I)=-2.D0/SC
* -H**2*DAM*YOCI)*EXP(-AEXP/TEM(I))/32.D0/TEM(I)
E I (I+ I )- I .D01SC+l_(I)* I-_.D0
B 1(I)--0.0D0 I

22 CONTINI_
DI(1)fl.0D0

EI(2)=0.D0 i
Cl(N)---0.D0
_)_(N)=I.D0

BI(1)=YF(1) IB I(N)=YF(N)
" CALL TRI
- DO 24 I=I,N II

YF0)=BI(I) |
24 CONTINUE

DO 15 I=2,NI IIIll

FFF(1)=(F(I + 1)-F(I- 1))/H/2.D0 i
15 CONTINUE

C

CC ENERGY EQUATION n
DO 14 I=2,NI
Cl (1)=I .D0/PR-FF(1)*H/2.D0-(YO(I + I )-YO(I- I )+YF(I+ I)-YF(I- I ))/4.D0 n
D I (1)=-2.D0/PR-H**2*DAT I*BETA*F(1) II
El (I+ l )=l .D0/PR+FF(1)*H/2. D0

* +(YO(I+I)-YO(I- I)+YF(I+ I)-YF(I- I))/4.D0 m

BI(1)=-H 2 DAM DQ YO(1) YF(1) EXP(-AEXP/TEM(1))/TEM(1)
II* -H**2*DATI *Fl_(1)**2

14 CONTINUE

DI(1)=I.D0 IEI(2)=0.D0
CI(N)=0.D0

DI(N)=I.D0 iBI(1)=TEM(1)
BI(N)=TEM(N)
CALL TRI
DO 18 J=I,N lm
TEM(J)=B l(J) W

18 CONTINUE
WRITE (6,199) M,EMAX m
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I

199 FORMAT(//,' ITERATION TIMES --',I4,' ERROR --',D15.8)

I 100 CONTINUE101 WRITE(6,200)M,EMAX
200 FORMAT(//,' ITERATION TIMES - ',I4,' ERROE = 'D15.8)

i DO 112 I=I,N
X=(I-1)*H
PRO= 1.D0-YOCl)-YF(I)
WRITE(6,202) X,TEM(I),YOfl),YF(1),PRO

I 202 FORMAT(1X,F5.3,1X,4(D 13.6,1X))114 CONTINUE
112 CONTINUE

i WW=0.D0DO 212 I=2,N1
WW=WW +2.D0* YO(I)* YF(I) *EXP(-AEXP/TEM(I) )/TEM(I)* *2

212 CONTINUE

I WW=WW*H/2.D0WRITE(6,222) WW
- 222 FORMAT(//,' R. R. = ',D15.8)

I STOPEND
C

! cC SUBROUTINE TRI IS TO SOLVE TRIDIAGONAL MATRIX UP TO 2000×2000
C
C

I SUBROUTINE TRIIMPLICIT REAL*8(A-H,O-Z)
COMMON/COM 1/C 1(2000),D 1(2000),E 1(2000),B 1(2000),NL

I DO 10 I=2,NLE1(1)=E 1(1)/D1(I- 1)
D 1(1)=D 1(1)-C1(1)*E 1(I)

10 CONTINUE

I BI(1)=BI(1)/DI(!)DO 20 I=2,NL
B 1(1)=(B 1(1)-B1(I- 1)*C1 (I))/D 1(1)

I 20 CONTINUEN2=NL-1
DO 30 I=I,N2

i NI=NL-IB 1(NI)=B I(NI )-B 1(NI +1)*El(NI + 1)
30 CONTINUE

RETURN

!
!
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