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LY 4AS Abstract

- .na)yni: is presented of the mechanisms Jf hout cranutor lnd
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vaporization in an idealized two-dimensicnal tuel upray conoisttng of two
“pornllcl droplet streans lnjceted in s bot 3:1. Hich the a:-u-ptiou of s
constaut relative velocity' between tho glu’and liquid phases (invisetd
upproxi-nttoni. s system of partial differential equations with linear
Qpcrators and non-linear sourcs teras is obtained. With :hi use of Green's
!unqtions, this system is transformed £n£o n‘gro«ﬁ of noﬁ;linocr othinary '
'di!lcr;uticl equations and integral equations 'hicﬁ'uxi ttadilf solved with
suserical techaiquee. ?hc dimensionless groupe intiu;nctng the problem are
identified and s ciscussion is presented of thg.cftcc:a'ot four relavant
‘parameters including: s vapotizntiou~dttfuoi§n tima ratgo. a liquid-gas mass
flgy rntlo; s Spalding transfer number, snd s Reynclds number. The method
yields qualitstively correct estimates of the behavior o@ ﬁhc gas and liquid
phases vhich say serve as guidelinis in the development of costlier numerical
.‘qj'»;,»n,h.dehucj.'"’ The method cen bofurunr ;xploltod to include ehc.uul reactions

#ad to predict 1¢n1tto§ of parallel droplet streams.
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Introduction

fh. higa level of célplsxity and snalytically untractable non-linearities
present in the study of multidimensional, steady and unsteady spray models
have forced :h§ co-bucfion scientist, psrticﬁlatly 1n recenc years, to rely
hon;ily on costly, lgtgc-acalc, computational techniques which are gble to
handle the rather challenging smount of mathemstical difficulties. Examples
of these computational efforts have appeared tcécntli in the litcratnrol“.

To aid in the understanding of.;hc fundamentals of :hccc phenomena, it is
sppropriate to develop, simultaneously viig':hc,nu-oricnl schemes, a less
¢ostly analytical nﬁprbach based on simplified models that retain the
essential physics of the problem. A baniu,tqr this approach has been -hovﬁ in
the lidear model of Sirignanos; ' .

In this work we establish the fundamentals of i mltidimensional epray

model aimed eventually at the study of the ignition of a stresa of droplets by

another strean which hn; slready ignited.

We consider a tvo-#imcnsionnl un;tdr-'vcloeity gas flow in which the
vngori:ing droplets ar- represented by two continuous sheets traveling at a
. different velocigy vithin the gas. Uniform heating and vaporization of the
droplezs is considered ;; well as gas diffusion in the transverse direction.
Axial diffasion, momentum ixchlnge, d.noity.vqfiations aéd thc effect of
. convection in ths transverse direction are ﬁcglncted. .An 1npfo§enagt of the

model to sccount for spatial variations in the droplet temperatures can be

achieved with the use of sigen-function expansions and {ntegral equationu6'

_ 7. The chemical reaction terms necessary for the study of the parallel-stream

ienition mechanisms can be incorporated in the present model at some future

point. Reaiize that with the use of Shvab-Zeldovich variables and a one-step

PRI ¥




cluiiul r_uct!ou. all but one of the governing pquﬁions in 'thc'ncctinj case

; can be cast into s non-reactive form.

Analysis »

' In this work we conaidor ] tw—diundml, constent ptopcr:y gas which
flows in steady state betwsen two planes of constant but different
tupcnturo. Two droplet shasts parallel to the boundary planas are flowing
within the gas with the sase constant velocity 0‘ vhich is different frow the
gas volocfty, U.. The fluid-mechsaic étuuc“:tqticc _of the .ﬁrof;lu are
simplified Sy assuning that the velocities U‘ m‘llu‘fa‘n constant and that no
exchange of momentum takes place between the gos the the liquid. This is
essentially an inviscid~flow aisunpciqn that pcrllts the solution of t?e
problem in terms of Green's functions and integral oﬁuatlonu;

Densicy vartationa'in the gas phase due to ghc vaporizacion process may

" account st the most by sbout ten percent of the total density change. Gas
density is sainly affected by temperature changes due for example to chemical

reactions. Aécotdin;ly. nollcctingvdonlity variastions, the equations of

conservation of energy end conservation of the fuel species aere:

ar e o] (rr ety n |
u‘az + vi_. gl._ ’ §.I(r rz + cp ) 5 c(xij)n (1a)
2
Y aY, ? Y' 11 n .
Uga—;— + Va—‘—- - I:—:z—- - E-I(ITYP);' G(X"Xj)ll ) (1d)

where q and D are the thermal and mass diffusivities respectively, n is the
nuaber of droplets per unit area on the sheets, p is the gas density

and c(x~xj) is the Dirac delts function which indicates that the source terms

.
e
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sre zero everywvhere ex

ept at the droplet locations. Lofe 13 an effective

heat of vaporization tRat takes into account the energy used to heat up the

droplets. The vaporis

d = bgBpD (1 + 0.3 Ra®

where 'cff is an effect

tion rate is given by:

*3) (2

tn (1 + l;,,)

ive Spalding transfer number.

Yor the liquid p

e, an infinite-conductivity model is uged in which a

uvaiform but varying droplet temporature is assused. The equations of

conservation of mass

ds o
0{3; - -0
v dT, . (chf i Lb)i
tda . m C‘

vhere a = ‘lep‘/J is ¢t

the 1liquid.

The boundary conditions

Other syabd

conservation of ensrgy for the droplets are:

(3a)

#c droplet mass and L, is the heat of vaporialtion of

1s are defined in the nomenclaturas.

are as follows:

At the inl.t, g=0: Tm Ti(x). Yr - Ypi
Tl = Tyys BLIEE N (4)
At the boundary planes:
Yy
x=0, Te= TH, 3;— - 0
3Y?
X =, T'Tc, 3;--0 (5)
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Dimensionless variables are ’ulcc:od as:

a R 2 ‘
2 i i s x
C teephs ' v T WRed TR ¢ L (6a) :
-T T,-T - : ;
) —A L N :
- T, ° - T, ¥y ‘ (6b)

Introducing thess di-cnaionlcu variables 1in eqs. (1) md (3)and ncglccting

the convective terms in the transverse direction, tlny bccou:

2 11 R ; - :
A T v L (el (r'-r')su '  (1e)
® 12 §-1 27 By ) | o
M 'ty zur(x ) S8 n) (75)
a3t P - = Yp) 8.8 (x~x b
13 1 axz je1 2 v 3 .
; . N

4R’ -
TS, ' | ‘ (7e)
" ¢ T'-T' s

-] v
—‘EL - (‘r—i - =) (1d)

E: cffj Py :’1 S .

where:
sv = R' chzn (1 + l.ff)

1/2 172
Coe = 1+ 0.3 (R)Y2 a1 4 0.3 p,8")
. ) cz(‘ r'-r'&l i Yos~Yp

off T T T

eff FS




The boundary cbnditionl‘hcconcz

T w0, R el o ('8-)

mEge0n TeT() TeYy, T,
‘ , . .
At y = 0: Tely e 0 (8b)
. N . N
37, .
At x = 1: =1, ;;— =0 (8¢)

Equations (7) éontain the followinj dimensionless parameters which

charscterize the problem:

2

% U ., U
Py - 1zp : - Py = 1u *
3LpU‘ : 108 , \
C (T -T,,) 2R, (U_=U.)
p3.31._l’_._§.._3_1.. p‘.g.x.__“._j_.&.
Lb v

(9

Other parameters are: the relative positions of the droplet sheets, the ratio
of the specific heats as well as other dimensionless quantities uppcniing

through the equilibriu- equations:

1 %1 S
. =]+ M (— =-'1) : (10a)
FS hoXes
P LM . '
ata bt 1 i
x - exp ( (-.—-—-— - ._...)] (lob)
FS P Ro Tb ata Tz

We concentrate our attention on the effect of the parameters in (9) as these
are very influential in the behavior of the gas and liquid phases and in

particular, in the development of the fuel concentration field in :hé gas
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phase. The first parameter, Pl' can be viewed as & ratio betwesn a

characteristic vaporization time and a chainctcriutic gas-diffusion time. | If
’l vere small, vaporization of the droplets would take place in a time whith
is shorter than :he time required by the gas diffusion sechanism to distribute
the fusl over the cross sectional area. In the liait ’l + o there will be/ two
infinitely narrow bands of fuel vapor at the dropict locations and essentiplly
no fuel anywhere slse in the gas. As Pl increases, diffusion tends to smopth
out the fuel concentration profiles. The second paraseter, Pz, represents the
ratio of the rates of incoming liquid mass per sheet and iqco-ing gas mass| at

the channel inlet. Py is generally less than unify and as it increases, the
result 1is an increase in the local and total amount of fuel in the gas
phass. The third pnr&ucter, Ps. corresponds to the Spalding transfer numer
based on the reference temperatures L und,'!"1 and on t@. fuel lat it heat| of
vaporizarion Lb' The last parameter, P,, 1s the Reyiolds number based on |
initial droplet diameter and relative velocity. Solutfon of Eqs. (7) -ubjkct
to the conditions given by (8) 1.‘obca;§cd with the aid of the Green's

functions® GT(E’XIE"X') and Gp(on|E'-x') vhich satisfy

3-5-%-?1-3——2-'6'(5 ‘E')G'(x‘x')
X
G -Oitx'OIndx'l

T

Gy =0 forg <g' ' ' (112)
acr aZGF 1 ] L L} L
3w " h ;;7* =8'(g = £")8" (x~x")

3Gy/ax = 0 at x = 0 and y = I

FRATRPSRN PRSP TR




Gy =0 forg<g' | (11b)

Equations (11} exactly correspond to the diffusion equation with an
instantaneous point source located at (€'x") for Dirchlet and Neumann

conditions, rtuyoct1v01y9. The solutions are:

’ b '!n(ﬁ"ﬁ') '
Gp =] 2 sla(oxy)sio(my’) ¢ (12a2)
ne}l
- o (E€") ,
Gy = 1+ ] 2 cos(nuy)cos(oey’) e (12v)
n=j )
vy = Pyois? | (13)

The solution of eqs. (7a) avcd (7b) is now expressed in teras of the Green's °
functions GT and GF in the form of integral equations containing the influence
of the source terms sud boundary and inlet conditions:

: 1 (g : £ 25 \
T'(Ex) = [, (T GT";'-odx +P [oT HG;;T)IX._odC

¢ 35 i, | ,

- — ] ] ]

Py Jo Gl ey’ §.1 I3 (src..r)lx._xjdg (14a)
1 , S S ' |

YplEnd) = [o (Yplpd oot + ;-1 Is (S,G,-)lx._xjdg S (16b)

where the source terms ST and Sp are given by:

1. '

S, @ « P (T'=T'" )/ ¢+ =——) § (154)

T 2 2 Beff v
‘ .
a .
q Sp = B, (1 - Y. s, (15b)
z .
: )
3

oA
&

3

5

3

A

3

b

.

k1
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Solution of equations (léa) end (14b) for the gai tempersture and fuel

concentration, and of equations (7¢) and (7d) for the droplet ~adius and

tcnécrntnru requires an iterative scheme bMecause the unknown functions appear
in the integrals of the vource teras. A more otflci;nt auserical solutioo can
de achisved by differentiating equations (l4a) and (14b) with respect to‘g; a
procedure that transforms them into ordinary differeatial oquatiéns which can

be readily solved with a Runge-Kutta method. ﬁc note the oertan-charactct of

the Green's function., and therefore of the kernels in chl _iategral source

terms, and let the functiona T' and Yp be coapo-ad of an tnfini:c nunbcr of

functions plus some known functions related to the inlet and boundary

conditions:
T = fr + X 21' sialnvy) ' ' . (16a)
n=] ' ,
- |
Y, = f' * Y, 112 Y, cos(nwy) _ o (16d)

n=}

uorc.fr corresponds to the first three terms of equation (l4a) whilae fp

corresponds to the first term of cquation (14b;.
Upon differentiating equations (14a) and (14b) with respect to g and

comparing teras in the 1nf1n1ta series of equations (12) end (16), and after

sone manipulation one obtains:

at’ 11

n .
T - i ' ] - 1,2.3,-.0
I * Yal's g‘l(sre n(nwy ?Ix -, n

(17a)

S L R T

o

o s,




g W R g, R ARSI L e RS L LB 4 e e B s g
g AR o R R B ) - £

dqY 84

Fa - - v
' .-d-E— + anh §’I(sr¢Ol(ﬂlx')lxp_xj o= 0,l,2,c0e (17b)
subject to the conditions:
T; - !'h =0atf=0 _ (17¢)

Equations (17) are solved together with equatiors (7c) and (7d) using a Runge-
Kutta=-Gill 4th order scheme up to the value of n for which ccrtaiq convergence

vcritcria are mat.

Results

The results of the snalysis will be prcsehted in the following manner.,
Pirst, we show and discuss the results of a characteristic case, including
droplet :c-pgtaturc.and size histories as well as the development of the gas-
phase temperature and fuel-concentrition profiles. We continue the
presentation of the results with an analysis of the effects of the selected
parameters, Pl' Pz, PJ, and P“.

The standard case corresponds to liquid n-heptane droplets at 300
K and 150 ym in diameter injicted vwith a velocity of | n/s in an air streanm
- with a linear cc-pernturclprofilc which goes from 2050 K on the left boundary
to 1000 K on the right boundary and a velocity of 5 m/s. Thgvdinennionlesu
parameters have the following values: Pl = 0.1, P2 = 0.1, P3 -2, P, = 12,
The droplet sheets are located at one third and two thirds of the distance
from the left wall to the right wall.

Figures | and 2 show the droplet-temperature and droplet-radius histories
on the gwo Ctpplet sheets. The first sheet, I, is closer to the hot boundary

and therefore these droplets heat up and vnporizé faster. There is a
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transient heating period of roughly 332 of the droplet's lifetime during which
almost 40% of Zue droplet is vaporized and after which an almost constant
droplet temperature is established. Thii temperaturs is sppreciabdly lower

than the saturation temperature at the prevailing pressure (T’ = 0,22).

fsat
Note that with less volatile fuels, the transient behavior vouid be even more
‘pronounced. 4 |

Pigure 3 aﬁoﬁt the dcvulép-ont of the fuel mass fraction profiles in the
gss phase. The twc maxima correspond to the location of the droplet sheets.
The lhccé loce :ad st x = 1/3 is exposed to a higher gas temperature and
theref.re vaporizes faster and produces more fuel vapor than the sheet located
st y = 2/3. uov!vcr, after the droplets on the first sheet are completely .
vaporized at £ = 0.725 aud due to tha effect of gas diffusion, the fuel
concentration at the location of the second sheet is eventually higher than
anywhere else. Eventually, as £ goes to infinity, a uniform profilc results.,

The gas-phase tcnpotutu}c is given in Figure 4 a:_:hroo{dift?rcnc axial
locations. At the inlet, ¢ = O, the temperature profile is linear but dus to
heat :rnnnfcr‘to the droplets, two energy sinks are developed at the droplet-
sheet locations vhigp produce the two temperature dcpfccnions
near y = 1/3 and y = 2/3 (£ = 0.2). Eventually (¢ = 1) the tvo depressions

are smoothed out by the gas diffusion and as £ + », the temperature profile

recovars its linesr shape. .

Effect of P,

Figures 5 and 6 correspond to a four-fold 1ncre§§e of P1 (Pl = (.,4) while
other pdrinctcrs are kept unchanged.

Increasing P results in a reduction of the time required by the gas-

diffusion mechanism to smooth out the differences created by the heat losses

10

. .
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and mass gains occurring at the droplet-sheet locations. This results in:iels
pronounced maxima in the fuel mass fraction profiles and a smoother
distribution of fuel vapor over the cross sectional area as shown in Figure

S+ The droplet-size histories on the two drople: sheets for this case are

shown in Figure 6. Since the droplets are novlcxpooed to & locally higher
teaperature, the vaporization times are tcduced by approximately 7% v;tﬁ'

respect to those of Figure 2.

Effect of P,

The influence of P, 1s discussed with the aid of Figure 7. This figure
- corresponds to a four-fold reduction of P, (P, = 0.025) while kccpin;'all
other paraQeter: as in the bisc case. As explained in the Analysis section,
P2 is th? ratio of the incoming liquid and gas mass flows. Figure 7;shovc
that a reduction in Pz by & factor of &4 nearly 'directly correlates with a
tcdu;tion by the same faétor of the fusl vapor present in the gas phase.
Another con-cquonc; not presented hprc is a reduction in @hq droplet lifetimes

of roughly 10% with respect to the base case.

Effect of P,

A reduction by a factor of two of the transfer number Py produces a
marked incraase in the droplet liéctima (45X in this case) as indicttﬁd by
Figure 8 and a reduction of tbe final dropleg ﬁemperature. This is a
conoequencg of an increase in the‘tncio of the heat required to vapotize the
droplets to the heat available in the gas-phase. The development of the fuel
mass fraction profile in the gan'pha?e takes longer here than in the'bcse cive

as can be seen in Figure 9.

11




Effect of P,
The Reynolds number appears in the problem through the relative-velocity

correction in the mass vaporization rate of Eqn (2). With the nciuuptlonn of
constant r&ia;ive velocity between the 330 and 1iquid phases and éqnctant
physical properties, the Reynolds number, Pk' varies throughout the flow only
duc to variations in droplet size. Decreasing the f{nitial Reynolds number
reduces the ;as- vaporization rate and therefore incrsases the droplet
lifetinc. FPigures 2 and 10 show un increase of droplet lifetimes of
spproximately 25% when the Reynolds number is reduced from 12 to &.
Accordingly, comparing FPigures 3 and 11, it is observed that the amount of
fuel present in the gas phase in the early stages of the procell”(; = 0.2) 1s
about 30% less in the lover Reynolds number case. Note, however, that tow-rdé
the end of the droplet lifetimes (¢ = 0.8) that difference has almost

disappeared.

Conclusions

A simplified but qualitatively reasonadle model of heat transfer and
rapid vaporization in a two-dimensional spray has been presented. Baied on
the assumption of uniform flow velocities and the neglect of viscous exchange
of momentum between the gas and liquid phsses, an analytically tractable
svstem of partial differential equations has been obtained which has beed.
further transformed to a system of integral équattons with the use of Green's
functions. While the model introduces considerable simplification by removing
the nonlinearities from the differential operators, {t retains the complexity
and nonlingatity of the source terms, making it possible to consider the

inclusion in the model of the chemical-reaction terms. The analysis

12



identifies several dimensionless parameters that characgcttzo the probleam and
the influence of four of these is presented in detail, namely: a
characteristic vaporization-diffusion time ratio, s liquid-to-gas mass flow
ratio, a Spalding transfer numbar, and a Raynolds number.

Thl model offers some quantitativaly crude but qualitatively very '
informative results of the complex mechanism of heat and mass transfer
oécuring prior to the ignition of two parallel fuel droplet streams, and in
' particular it‘lervaa as a base for a simplified wmodel of ignition of a drojlet
stream by another droplet stream, a topic that is prc;nntly under

investigation.
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Nomenclature

"l
M
n

P

Patm
Pl.‘."?“
R

R'

Ry

RO

Re

s,,s-r

'gas constant-pressure specific heat

reference transfer number defined in (9)
effective transfer nuaber

liquid specific heat

convective correction, Coe "1 ¢ 0.3 (Rn)”2

sass diifusion coefficient

functions described in the context of Eqns (16a,b)

GCreen's functions descrided by Eqns (12a,b)
chanuel width "
effective heat of,vaporizltion

latent hcit of vaporization

droélct nass

sass vaporization rate givcnlin (2)

gas -olocular‘ucigh:

iiquid molecular weight

droplet-sheet density; series 1ndcx ’
prcniuro

norzal at-o;phctic pressure
paraniters.defined in (9

droplet radius

. normalized droplet radius, R' = R/R,

initial dfoplet radius

universal gas constant
2R|U_=-U_|
Reynolds number, Re = _...;3__!.

gource terms described by Eqns (15&.»)

gas temperature

14
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nornalized gas temperature, T' = (r—rti)/(rc4ti1)
inlet gas temperature

cold wall tecperature

hot wall temperature

liquid temperature

normalized 1iquid temperaturs, t" - (T‘-T‘i)/(rc-rli)
o-th component of temperature series (Eg l6a)
liquid velocity '

transverse coordinate

fuel mass trnction.

fuolnans- fraction at droplet surface

n-th component of fuel mass fraction saries (Eq 16d)

stresmwise coordinate

Greek syabols -

a
Yﬂ
§
6'

theraal diffusivity
pareseter defined in (13)

Dirac delta function § = c(x-xj)

‘dimensionless Dirac delta function §' - 6'(X'XJ) -

kinematic viscosity

diaensionless stresawise coordinate (Eqn 6a)

gas density

1liquid density

characteristic vaporization time defined in (6a)

normalized transverse coordinate, y = x/L

15
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Subscripts

» [ Y'Y

1,11

PRI B T AL T S e e MO B g 1T I e g

fuel

gas

inlet, initial ‘
droplet sheet, § = I,1I
1iquid

ssries index

giﬁ tcnvirature

first and .ﬁcond droplet sheets
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Pigure Captions

14 Normalized droplet temperature histories for the base case. I: Droplet
sheet near hot wall, II: Droplet sheet near cold wall

24 Ncrmalized droplet size histories for the base case. 1I: Droplet sheet '
near hot wall, II: Droplet sheet near cold wall

34 nivcldpnont of the gas-phase fuel mass fraction profiles for the base case
L D-volopncnt'of the gas-~phase temperature profiles for the base case

54 Davelopment of the gas-phase fuel mass fraction profiles for the case of
P, = 0.4
1

6. Normalized droplet size histories for the case of 'l = 0.4

7. Davelopment of the gas-phase fusl mass fraction profiloi for the case of
P, = 0.025 ‘ : :
2

8. Normalized droplet size histories for the case of P3 = ]

9. Development of the gas-phase fuel mass fraction profiles for the case of
Pa= 1
3

10, Normalized droplet size histcories for the case of PA - 4

11.; Development of the gas-phase fuel mass fraction profiles for the case of
P, » 4 .
&

18

WA




o TR RNy T SMOINL < Y T Sy s L e A el

T . FINYISIO WURIISNEO SSTINBISNIC
o1 6 9 L 9 S ¥ g 2z 1° 0

v 7 -v 17 v 0 v ¢ vy yoroy ¥vyryovoqyov o8

4%

120

91°

]

WNLUY3dH3L QINDIT 0321 WWNeN




A e SRR TR R SR S S TRy e

o

P -

z %1 L F0NIST] HIUISNB0 SSTNBISNGHIO
Q.»“ m. c' b. w. m. *. . ”h. Nﬂ . ﬂ. a
L LA | til v I ¢ ¥ ¢ 1% LN D 2 R R | v 0

SNIOYY 137J0¥0 C3Z1TWNYON

e——




AL M

€ *3%4

| ZALNICUPED FSUIASNAIL GIZ]WHUON

ml o. . h‘ n. m. *l m. N. . —. c

Q
-
L

N
-
»

<
-
L]

(/-4
L
.

]

NBILJu¥4 SSHMW T3Nd ISHHJ-SHI




~

. ALUNIONDE] FSUIASNNL (32T AN - .
8 L 8° s° e ¢ | 3 0 .
L A | T LI | v 3§ 1 7§ v 1 T T T 0°1

rA |

<
.
-t

w
L]
ot

81l

Q
[ ]
~N

RNLYYIMNIL SUI 0321 TUNUEN

~N
[ ]
~N

¥e

9°¢




80

3

wg
2
e 2

w
=
. *

~ .

. 81
et s 1 [V S S SN TN DU SN SR 1 a1 1 0z°
m .-

e N ey - Wi . WHEA TR WY IR AT SN "% Y .




. 9 "%u i © 30MYISIO WYFULSNMBO SSTNBISNIMIC
o't 6 8 L~ 8 5 ¥ € 2 1 0

. T T 71 T 0
) 5 -
; b
| - 2
-
s g
= #o m
! B
]
- m
-
= wo D
. -]
po L el
c
73
—ad P.
i - >
M B 6
. -
w7 1
Ww} 2 2 | aoﬂ

. TEIPTYONY DU EXFNNITPSST v




Wﬁ:’mmwr'!-:h,'»'a;m*\-whuv_‘;T-J{w& A TR g g s e [PPRR S BT L e e eas e e g
-3

1.0

'. p

e
3 -
b -
- g .

il

- 17 -
.
-
b o
oo -
b -
e o
5 .
" 4
- \ -
- -
o .J
= ' -
s .
IENS SN ANEREN| Lli\l\l_llllllll lljllelLL)lll’llllllllll‘llll

.0

- NBLLJUY SSUW T34 ISUHL-SYO

568 %¢ 888855 :3¢§-°

" Pig. 7

.3 .‘
NORMAL 1ZED TRANSVERSE CBBRDINATE

.2

.1




- oy
y o R U e g IR ST AT Rkt
b ey, R W I TTON W E S R R AT P
et (¥ T, [ .
.
7:
.l‘
¢
i E
*
o0
-
|
H ‘ v :
|
v
; f
.
. !
ol .
H

1
.8

1 3 1
.s v 06
DIMENSIBNLESS DBHNSTREAM DISTANCE

4
.
: b
L 1 } I 1 I 1 i l 1 1 In Ll 1 1 1 1 i o
e < « i 2 v “ i ~ -
SNIOYY 1314080 03Z1TUWUBN




sy

e

LT

R

T A T e

T T A T R e T T g

or°

2

1%

gt

81°

(1"

NOILJUMd SSUW TaNJ 3SHHJ-SH




R

S ATRESRIET s Re AT B et T T e - L maere
f TR .

€ v .

FINULSTT WUSUISNMBG SSTINGISNIWIC
. s° ¥ B 2 1 o

OB G A S

[nwp&wme iR
'

- e -

snIowy lm 0321 TUWUBN




'
PSS

&

i gy e

A

11 °%1d

NOILIHY4 SSUW T3Nd 3SUHA-SUI

TR TN (o TG, ST L




