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This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
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assumes any legal responsibility for the accuracy, completeness, or usefulness of any
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process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
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.. convective conditions. The specific purpose of:this study is tofiynm

"1 Inorganic Materials Research Division,' Lawrence' Racilatlon Laboratory,

":}i:'low Reynolds numbers,’ The behavior of large droplets evaporatingl;ﬂ%
‘:;giThis solution is used as a basis, to which corrections are applied
'»fi in convective flow.

lﬂ;revealabthat the evaporation rate law changes when the droplet

| diminishes in size to the order of the mean free path of the vapor ::

"‘:"-'"-_v'molecnlese Generally the evaporation rate will be lowered, How-

Looe

,'fin a high temperature'oonvective environment of their'oﬁn vapor at
“in a stagnant environment at quasi ateady state is well known.

 'for the evaporation of very small droplets and for the evaporationuf,

/.. BEHAVIOR OF DROPLETS E VAPORATING IN HIGH
! . TEMPERATURE CONVECTIVE ENVIRONMENTS. .
" Joannes Baptista Wijffels

Department of Chemical Engineering i
" University of California, Berkeley,- California._iﬁ]ff_{z““

_ }
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This study is concerned with the behavior of small droplets = '}

‘%.':‘.A\n-'r.‘;
~ o

gim ~__‘:‘;v...¢..

Investigation of the rapid evaporation of "a small droplet

‘ever, for small droplets which are near their critical tempera- _‘;?

' ture, the reverse behavior-is expected. Furthermore, the corfecfioni.

'n,ﬁthe drag exerted and rapidly evaporating drop 19 1owered appreci—jfg

| “;iably, compared to the case of Stokes flow. m_;{;j;.', J=”; ' . *5;

. tion-were- obtained :for the problem although the presence of the ff;f

convective flow Tield does not alter the total evaporation rate,:jéé

. for the small droplet is shown to be independent of the forced f ffé"

obtain an expression for theidrag exerted on the droplet by the..

convective environment. Approkimate-analytic and nunerical'eolu- .

|

I
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“'evaporating in high temperature convective environments. The .gipffl'

‘;.general behavior of a droplet in such a state is obviously

L NP

BT T P Imnonucnon |
' : l l. General description of the problem. J‘

Thie study is concerned with the behavior of droplets :?LfT’A '

“‘fiﬁthose few having a principle influence on its typical behavior o

.. will be taken into account in this analysis.

The description of the evaporation of a single droplet

;o
may seem to be of academic interest only. However, the behavior

. ff”[ of sprays of droplets cannot be fully understood without some

- knowledge about the characteristic behavior of a single droplet,
‘; its evaporation rate and its ballistic behavior. s
The behavior of a droplet is distinctly different from that}i‘;ﬂ
of an inert'partic_leo The evaporating droplet constitutes eseenti;fl'.
'ally'a mass source and a heat sink and maintains in its neigh- .
R bourhood a region of high gradients of fluid properties and an
‘*ff; appreciable mass flux. When the droplet vaporizes in’ convective
"'ff; surroundings, it generates a'macroscopically directed impulse
Tﬁfi.flux, and, consequently, its: drag is of a distinctly different
| nature than that for an inert particleo . - ‘ - ;{';nd
.= . The specific purpose of this study is not only to provide QZ'"
f“'ig?a description of the behavior of very small droplets which

J“}ffevaporate rapidly, but also to obtain an expression for the drag

"cz'subject to a large number of different effectse However, only ;:=':T
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: exerted by the convective environment ‘on the droplet at low BRI
o ] ) : . . oy . TR
. - Reynolds numbers. = _ R o

o The evaporation of a drop, which is exposed to very hot

gvﬁfsurroundings is completely heat transfer controlled. Mass ..

'“} transfer effects are therefore disregarded in this study and

'fj;'the.droplet is thought to be evaporating in an atmosphere fkf;‘)7ji

l:g'vhich.conSists of its own vapor. Furthermore the droplet is '-;
“?‘( considered to be evaporating at quasi steady state. ,' A.Q”;i,;t“
V;‘Q,fjfﬁ The initial transient effects, which are important when i /;;
J’f:the drop is injected into the vapor, are neglectede It is Li;;;dinﬁ;;
. -assumed that the gradients are already developped and that theg;'auti
";\droplet has reached its thermodynamic equilibrium temperature;;éif'ff
‘J*t¢-1n addition radiation and gravity effects are neglected. lf:if::

In the description of the proces the vapor is assumed to I

ﬂfﬂiobey the ideal gas law'and to have constant heat capacity and .?*th'

h3d

constant viscosity and thermal conductivity. These properties
."t”sbii‘are actually functions of temperature and, less significantly,jlff_-'
j. of pressure.-However, their variation is obviously of lesser )
importance than the variation of;temperature and pressure. The:'ii}iii
f-' | ’jifgnheat transfer isdirectlyvdependent on the gradient of.thef ‘~‘ "_

' &Lheﬁgtemperature near the droplet surface, and, although'the pressureffliti
hardly varies at all as will be seen; its influence.on the . _.i}.;;~
uzt«ﬁ'_drag force exerted on the drop is quite decisive. ; | o
2 After the problem has been simplified to this extent the

~

';”1.,evaporation of a large droplet in-a stagnant atmosphere can

1. ".' . . .
. . oo { . ‘o ¢
SN ’ :
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ljfthe total rate of change_ of the mass of the droplet is directly J;ﬂa%f
.. proportional to the size of its radius '

‘”1--be described, resulting in the familiar law which states that

1. mnis solution for a

'duxﬁtlarge droplet evaporating eteadily in a. stagnant atmosphere,"'w“ﬂ"
-s'”g'provides the basis of the studya The analysis extends this

' :?if.solution to the cagse of a small drOplet evaporating in a

-;;‘convective environment.

The study ac+ually deals with two effects, the corrections

J9-°f'the solution for the evaporation of small droplets and the L

¥ corrections for the evaporation in a convective environment.

'?'f_The two effects can be treated independently and. the correctionewﬁff‘

5ﬂ3;prove to be subject to superposition.

The solution for the small droplet is outlined first.

o surface becomee appreciable., The correction ie obtained by'

"' taking into account the kinetic energetic effects as well as .

' ." the viscous dissipation. Theee effects alter the pressure at-
';.the surface of the drop and hence the temperature. Thereforef5;f§;:

-the driving force for heat transfer is influenced and the rate :

. of.evaporation 1s changed.

' 1i.environment a numerical solution as. ‘well as an approximate "f§3f7‘

'Q}analytic solution are obtained for small Reynolds numbers. The

For the case of a droplet evaporating in a convective

i

'; general problem ie first simplified analytically by assuming

Pl?‘to be of a form describing the dependence_on the angle which,_i;‘}ffxl

T e e

L .
g U S U SV

”‘Q_IWhenfthe droplet becomes smaii, the radial vapor velocity atxthe L

R
BT e
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deaxial symmetry of the problem, the variables depend. only on. the

: forced convective flow. The dependence on angle can be eliminatedt

kﬂlevaporation rate. However the drag exerted on the rapidly

. evaporating drop can be shown to be distinctly different from

'S e

distance- from the drop and the angle with the direction of the'

?cLif by assuming a suitable form of the solution which satisfies the ‘
Tﬁ;applicable equations and boundary conditions. The resulting set p;
"~f::of ordinary linear differential equations is then solved by o

f polynomial approximation and numerical methods. The pressence of -

 the convective flow field proves to have no influence on the

| the drag on an inert particle in similar conditions.. . 1cfﬁ )

1.2 Background of the Study. ...

Since the understanding of the characteristic behavior of

'~r;ddrop1ets is of major importance for the analysis of various
~ spray systems, such as combustion in 1iquid fueled rocket engines,

the evaporation rate and the closelyﬂrelated combustion rate ofla.;

.: single droplet has been subject to numerous investigations.,

The first description of the evaporation of a droplet was s

1

given by Froessling for a diffusion controlled process at

| ﬁ'3=relatively low evaporation rates. It was shown that the total |
'"353'rate of evaporation is directly proportional to the size of the 'f
: lﬁ&}iradius of the droplet, or M* = IC*R¥, where M* is the total rate

-

.,‘ B

. A

.é;satisfies the equations and the boundary conditions. Due to thefwfflzq

- PR

i / -

o v

g S
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| Godsave

:j:for the development of the quasi steady state,

:lby“Monchick and Reisse

- system.

¢

- of change of mass of the drop, R* is the radius andh:* is the‘j;:.” :

evaporation constant.

Ranz and Marsha112 extended the treatment ferya heat

f! transfer controlled process at relatively low evaporation rates..

3 4

and later Goldsmith and Pehner , Who were able te

’predict the evaporation constant very closely, treated the case
‘lE, of high mass flux rate in connection with combustion. Most of
- the experimental work, fhowever, was done suspending the dropletse

H‘{fwith the use of a filament.

. of the investigations pertaining dlrectly to scope of

this study only a few are of interest. The transient behavior
of the droplet'after injection in the system was deseribed by'
;;Williamss and his theoretical results agree very well with his -

experiments, which show that only a very short time is required

/

The evaporation rate of very small droplets was described

6, They showed on the basis of molecular;

kinetic arguﬁents, that the total rate of change of the maeé

- of a droplet of the size of‘the mean free path of the wvapor
;ﬂ.imolecuies must be lower than is expected from the law govern-  ei;fe:
lf’iﬁg the evaporation of a large‘drop. It is interesting to note,fzz ‘

’Lthat this result is. derived in this'study in a straightforward -

“‘manner, using the macroscopic equations applicable for the

Very little work has been reported on the vaporization

R S O T



t . . . . ) ' "!,A.'
" under conditions of turbulent gas flow. Most of this work

y \
is experimental, having only a very limited range of

413‘ at fixed positions did not findvany appreciable influence_of‘giﬂw

"ié_the convective flow on the evanoration rate. | :
The work of Ingebo8 should be mentioned. He'actually'

calculated drag coefficients of droplets in sprays at high - |

e e fe—
el

. ‘.'af .evaporation rates on the basis of'his observations and found

" these of fhe same order as those for solid spheres. His resultsﬂ :

' applicability. Maisel énd Sherwood7 suspending model dropletsi;ﬁ/f'

however can be questioned, since no- direct measurement was made..; L

Reference should be made to the investigation of Ranz"®

..“\and Dickson”, which deals with mass and heat transfer rates

9 T

[

.~ ¢ for large gradients of cbncenfration and temperature. Their ';@:Q*d

- extensive work, however, is concerned with plane interfaces, end:ffe,

is not directly applicable to problems involving curved surfaces.euﬁft

"As far as the evaporation in a convective environment is
| concerned it can be stated tnat the analysis presented in this _”'

study is opposed %o the classical treafment of spheres‘in

'i convective flow of low Reynolds numbers, such as given by , ngfﬁ;}'”

',,f'Acrivos,and Taylorlo. Instead of using the Stokes flow pattern,.iglilpf

zd»thersolution for the,evaporation of.the drop'is used as a basisi'

. for the analysis,.
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"u3«‘droplet evaporating in stagnant atmosphere and for the

- fh TR i, AR S S e e P R L

| 2, MATHEMATICAL DEVELOPMENT OF THE PROBLEM .

| 21, Genérél Consideration. :

Tﬁe:Study 1s limited to the description of the behavid;
of a droplet, which evaporates into its own vapor at Quasi
steady state. The droplet is thought to be in high tempgrafure'f
environments and therefore to evéporate rapidly; the initial
transient effects; however, are disregarded, Furthermore thel

‘droplet is thought to be small, such that the convective

- effects do not alter'its spherical form. The vapor is assumedv o
:bto have constant”heat capacity ahd:constant transfer properties ’
‘f'Qviscosity and thermai conductivity~ andlis supposed to obey
' ithe ideal gas law, \_ . . | | ,
The general_equati&ns appiicable fo the system are ’, v‘__;_;
'Ljdiscusaed first. Thevsolution for avlarge drop evaporating ih @ wf |
‘A~stagnant atmosphere will be;oﬁtlineé néxt,and finally this . - o
.'-solution ﬁill-be used to cpmpute corrections for a small |
i;evaporation of a drdplet in convective envirqnﬁent.'These
-;correctiohs will‘prove to be independent and superimpqsible{‘! 2
| The behavior of'the steadily evaporating droplet is
- ‘completély dependent on the state of the surrounding fluid.
Since the‘tyansient effects'are negligible, the pressure and

temperature may be gonSidered uniform within the drop and over:

3



>=ekhes
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... determine the relative significance of the different terus in
ﬂg"the equations;it.is convenient, that the variables be of the
~ same order of magnitude in the neighbourhood of the drop.

VFUTherefore, all variables are made nondimensional by dividing

fﬁ?f'radial velocity° v=u*/a¥(R), tang.vel.c,' v=v*/J ( ) ' :be-'

712 where dimensional variables are marked with an asterisk and R*

Sl the droplet surface as will be seen later.’Heat is transferred zur'f?

'*Wfﬂbﬁ.through the fluid towards the droplet surface and the X .‘_f i}@jf;f}f
... resulting mass flux is. carried outward by the fluid. , '_;;ffﬁfi
R T : ’/ W

In describing this process, the conservation equations of i*h;ﬁl'
R mass, momentum and energy in their nondimensional form are used.fﬁfﬁ“

’ Gravity effects and radiation are neglected. In order to

" .77 by their corresponding averaged value at the drOplet surface, ;:~‘:- g
.l such that: . . | .. ST
.. radial distance: r;r*/R*- ’ density g g:o*ﬁg*(R), o -xr;ﬂ'f‘éf

temperature 3 ~T=T*/T*(R); ,pressufe s - p=p*/p*(R)

o pphin B e 7 et et

”'represents the radius of. the spherical drop. The radial- component

. component by v; v* is made nondimensional by dividing by a*(R). o
© . Note that the bar is omitted from p*(R), T*(R) and q*(R), because ;;3

ER cases where this value is not uniform over the droplet surface

’ Tt;heat capacity per unit mass ég,i'conductiyit& K" and . ;ﬂ'ﬁ

of the velocity vector v is represented by u and the tangential @f;i

© . will not be encountered in this atudy. S : | ?.;ﬂfiv

~ Dhe general equations may now be written assuming the

- viscosity’/~3*are constants, N
e SR




The continuity equa.tj_on is- -;

. {Q, ::» “_.

v q * = .j o ,

..; '5‘,'/; o

<
| .,@ |
K

i

0

11'

where is the stress tensor defined by

N,

o

,‘é*"‘_’f"*[v! @] g T e

Re P, Qv -VT V VT + K' Re, P/.. Vr (K-l)mo. P-.( ..vy)(él.l_; )l :A

| . vhere the vteﬁrm's reading from the_v:_,iéft“gifand'_ for: 'iéonvec_it‘ion‘ g
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conduction, reversible work and dissipation. The equation of
state is: ‘ : .

F Q¥ 4 X —
PA*= Q R*T or P= Q b \ (2.1-5)

where ﬁ?é gas constant per unit mass.

The newly arisen characteristic numbers are:

*eRd) wWrR) R¥* » o2
Rev=qc)u*) ‘ Pr=v-———,;.—-"—'“kc
‘ —rs ‘ Az A A )
Ma = (FCR) /7 VX¥CR) , K = af" = e}r /EY
e _

and \éfZR) = acoustic velocity in the Qapor at the droplet

surface = \/&{ @?“14?R3 . Re_ is not a? ordinary Reynolds
number as it involves the radial velocity due to evaporation

as does the Mach numBer, Ma. The appearance of the Mach number
indicates that the radial vapor flux has to stay within sensible
limits, As will be seen Rev is of order unity for a rapidly

evaporating droplet and Ma eqﬁals zero for a large droplet.

‘
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K ; S .
x e ‘ S . C O o '
o 2=2.. large Droplet in’ Stagnant Environment ,1_;’}.

U 2-2,1 Analysis. - - I T
k The set of equations can be easily solved for a large. :ffif'f o

~4-"".f:"'lzf-j._drop evaporating in the stagnant atmosphere of its own vapor, ..

."f;;the system being characterized by spherical symmetry. ‘The Mach . ;»Df'
A.H}f;number approaches zero for this case, because the radial if
fﬂ{PVelocity at the surface is very small for a 1arge drop as will N

i be explained later. The continuity equation can be written as AR

L d 20U N e L an ‘ -
Y'"c'\‘v-tw_e“)"“c?.' . B.C, atr=1z.r29u=

o R v' 9 W= (2.2-1) 0
‘ H"iﬁngssuming Ma & . 0 the equation of motion reduces to;‘... ARSI
""._o'-,'? _‘_Bc.atr=1: p:l
R dv - ' ' Vo
., 7 Therefore p = 1 and the pressure 18 uniform throughout the'“

‘if*lfdomain.rMoreover, since always p -oT it followsv
| | oo (2. 2-2);-,.
fﬂa}The equation of thermal energy oan be written. The boundary '

. =l_1... ' ’ -
R

“tfiif'condition is obtained by making an. enerey balance on the
'f;;?;}i,i;; liquid-gas 1nterfaoeov_ ) : |
L }twm—-wﬂﬁ‘efﬂsut*’{ﬂ"‘>*l“‘“’f* | ok
ram R (G0 - am R T ® um) (2.2-3)

‘ff“ where M* is the total rate of change of mass of the drOp, andfiff'~3f7
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fi* 18 the enthalpy per’ wniit mass. The terms denote reading L
_from the left the total gain of enthalpy of the droplet, the :;:f

‘¥f transport of enthalpy and kinetic energy by the vapor, the - é' f1}

. heat'conduction and the work done by the vapor against the, ?/f{

" viscous forces. Note that M» = -47TR* fu*(R) ¢ <.v195§i¥; ;

’ 'and H¥ = H*(R)-+-c *(T*-T*(R)) Actually the expression describ- A:i?

"f-ing M* 1s not exact because it involves u*(R), which is the

'73 are negligiblg‘no work is done by the vapor and sll the heat

1 latent heat of vaporization (A H*) B =

. or

: vapor velocity at the droplet surface. However,.it should ‘
‘involve the vapor veiocity relative to the moving surface instead.gii.
.;fAs will be seen lster this correction is small and may. be omitted; f%

Since Ma 1is assumed to be zero, kinetic energetic effects

conducted towards the droplet surface. is used to provide the

. . [T*‘ .
oot () e

RS- S BN JEPE R TR I,

| | Re,' Pa 4% = }:(iﬂ:)ir-n'"". L
| The parameter stands- for>A —AH*/c » T(R). Superscript "b" is ?ffﬁiri
- added to. denote that T*(R) actually equals the boiling | E
'i;.temperature of the liquid at the applied pressure p*(oo)
1}} The equation reduces to '

P,. LdT 1 {i(#sﬂ’)?’ B c. at r—l. m=1<£l\1 Re D prd

A vt
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' Therefore:. . = -

U SincévPr_ie a constant for most gases (~3/4),Revb

is now .
' . -completely defined by applying the boundary condition at

4.“ infinity: . - o - ' "

' Re\, P-A.. = Loy { ?-——“l—'i‘é"'_}
A i'»‘where 6° = T* (oo) / T* (R) Clearly Re, b

given Ab(p*(oa)-»m*(n)) and Gb(T*(ca))
| b

N

: S:ane Re
- surface approaches zero when the radiue of the drop is very
large and, indeed, Ma = O, Furthermore, -the total rate of
g change of the mass of the. drop ‘is:
. #< ‘R _ b A tﬂ'R*‘ B
c M=t qrrR 4 ~qri2*9ca)uca)= -‘-nr/u— Rev R7e -

i
1

. where q‘ is the density of the 1iquid. This is the familiar

~ .-',_-i'.‘:jlinear 1aw with the evaporation conetant e *, In integrated

. form

- where K€" = /2 ﬁg‘w t* = time and Ro* is the radius of the .

is a. constant, the radial velocity at the drop

(2 2-3) '

(2.2-4)

‘is & constant for .

e T e . '*, 1; L
R Ru R,._ o ot Lo (242-5)



N
=4

"'fff;drop at t* = 0.

o If be derived when the transient effects are taken into account It

lower.

... . for the density:

2=2,2 Transient Terms.'

-\.. - m B R TR L,

"\

The problem of the evaporation of small droplets can aleo

ﬁ'_is reported5 that the transient effects influence the evaporation

""" about one tenth of the lifetime. For small droplets the time

. constant for reaching the steady state of evaporation becomes:

The error arising ffom the assumption that transient terms ‘;J

mﬁi are negligible in the above derivation méy simply be estimated "1'j

terms of this quantity at the same point This is new illustratedjef;v

’

_';fonly if r»>10, but. the radial velocity is at that point alreadv .
‘ fdown to a few percent for moderate values of 6P (T*(aQ/T*(R)) It
P ie seen that "infinity" is really olose by, the error, however in-':f

 troduced by omission of transient termsvis negligible.

:"

ﬂ;f constant and that this influence is bigger than one percent.for f?f:fL

Vbe comparing the time derivative of a quantity and the convectivefit--

[ S TN SIS Y

2" = ci_g* LOXT/RN L e clR* (9 )} v* * .v-r"f;,‘-‘_{”
¥ g dem R*‘ dt . R*" "
3K ¥ 2.9.* = o* v WF VMR g v -
ov* T R arm --‘”753119
) . ».';'.lv,thusg DP* / M* ()P P (2) r = ( g_f_::)) ..:-.

_ Since 9 *(liq)/e *(R) ~1O3 the traneient' terms become 1mpoi'tant_
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2-3, Corrections for Evaporation of Small Droplets

in stagnant environments = ' ‘ ~',; o

. C2=3,1. Analysis.b

According to the linear evaporation law derived for large'f'”
, "-drOp;¢ts, the Reynolds number describing the evaporation is a'fx

. constant independent of the size of the droplet, fhus
b Q*(R)u*(R)R*

" Re_'= = constant. However, when the droplet

v PR
radius R* becomes small, the radial mass flux at the droplet

- surface, §>*(R)u*(R), would then accordingly approach infinity.

‘:< ‘This, of course, cannot be true.then the radial velocity at the

‘ﬁif»derivation of the linear law become important.

i surfaée increases, the Maéh number is no'longer Zero, and the
’:'kinetic energetic‘effeCts, which have been neglected in the |
A first approximation of the behavior of a small droplet
"; evaporating in a stagnant'atmospﬁere can be obtained by a
. perturbation of.the solutidﬁ for a large droplet. The pertur—_iﬂﬁ'
| bation'analysié is used here to liﬁeaiize the équations of :
;,motion and thermal energyo This is'acéomplished by assuminé thelh
~ temperature and the pressure to be of the form: T—To+(K-l)Ma Tl
| +(K-1)Ma4T2 4+.00 and p-po+KMa p2+... and neglecting the
. terms of order (Ma%) ana higher. -~ <
: -  The equation of energy can be writtenz . -
-V-[Q ".ECL*-*':—*-* 'u.*l] v (k VT*) \7 ['C* J"‘]“ o

Ry



where. ﬁ* ':!.s the'energy per.unit'nass; The equation of total

o 'energy is chosen here, ‘because it is readily integrated due S .

' nondimensional form with the use of the continuity equation,

o sm

~ the droplet is evaporating..- Integrating once from the surface ,-.'-i'-'

-.'0f the droplet outward, results in:

’

to the spherical symmetry of tlie stagnant atmosphere in which

(T * e T
/\/\"'g{a.«!uud)_—. - qr r#io* {}( + 4 u.*"} +4 m«"k dT™_ g vt -z:,,_ w* O

- o E ve oo i

 where ﬁ* is the enthalpy per unit mass. Noting that

W*=-4 7 R¥2p*(R)u*(R) and H*—H*(R)+cp*(r*-T*(R)) and

A Y {<*“* = w1 the equation can be written in 1ts.

a\v* ¥

;p\e p¢(T-:+A).; 4T (u-)ma [Rev?«.lu.+ 4B (c;f “ ur] (2. 3_1,

DS ' RS rE
‘e face area by the amount of - a % "_Li‘_rlg‘. : y Wwhere o* is the

SRR, T0+(K-1)Ma T, . and has  B.C. at r = 1 =10 =Q:

S e

"'*ffffﬁit follows: R yfi-’l S . agf”

Actually, M*H*(liquld) is not the exact energy lost by

‘ the droplet, because energy,is released by the change of sur-:_'i 15.__.]':',?'{ o

A€

L ","'surface tension. If this effect cannot be disregarded A should .
C x> '
) “Ye replaced by 4 =<AH* %—;) / *T (R) . Although i j,':‘]’:.'
"'5'.:',11: is not a limitation for the development the Prandtl number -

is taken, for convenience, to be 4 as it is for most ga.ses.

The temperature is now assumed to be of the i’ormz - “

- T ReRliekYy o
-' _]-;.—.- l - A(l -—e.e""("')) S (2._3-2‘)' AT




'."f"Note that this result is not trivial, because 1% 1nvolves Re

Reew =Q€v'o\\°+9_l__g_,cl {'v- clwu.

} . assuming the pressure to be of the form. P = 1+KMa2pl, the ,'

< '?: -equation reduces to:
de, _ _ Rey dw ool 3 (dw _
Re, + % fl (5 )

f{';‘j‘ASSuming Re_ = +(9(M32) and noting that: . R
. @Uﬁm); B R

_— "il-the equations for 'I‘l and py may be rewritten using a change of

s

LT b [ et 97

- - S - — e
. N N .

'

. N : .
o w7
. . { . '
i ! VR :

¥ | ! :
- :
.

S.'T * L u.’“.g Re PJ\. IlT tlw | S-_-.\r-u.z' : (2 3_3)

instead of Re b._ o ' ,

Equation of motion can be written as

dv K\ Ma* dv | 3 v Ay dV V')% | (2 3-3&)

“
— —

c\v' * C\V' r3

N

\ —va [_c —eRevPali-t )7

Ll

- l

R I TS )

A X

jj;'integrated. directly t0 give. | . C g ‘ Do
‘ ' bpe, . \8 -x)% =x) o lax .
T A Y N IR = PUR A PP

“7—

o | bl . |
St 2 li-a®) 4 EC R IO T L. *,%,'g (2.3-4)

K- S - K

,(."_— ABYL i_ 1 L\ _x')kl (_l.'.::\s* 3(._)‘);- 66"4\’3 R _é_ §+ .

o a o~ . a4

A
T

-%46”(i-a ")(l-—x)"' “Xx zx
Q
(X2 - (- Y ca-—x\ 3Lc—x)+6(l‘>t)*__i,
£ 08 f-g Ceox)T e €20, 3Ok

’ a2
' | - - (2.3-5)
. _-\-{(l-(_\bﬁ(_‘, -2 és- _g_ﬂ).,._l_ *._1 a5 (1-2%) ¥

_with B. C.at r _1 7y =0 SR

E variable, x = 1 - 1/r, and denoting a Re prs T

o .with B, C..' r=1, P = 0 Ty = O. These equations can be -
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© The value at r-#w of the just computed functions may prove

to be particularly useful. These value are approximated by:

for Revb up to 5:

Rem) = -‘--4"[1+:‘.‘-—*.¢.__ o’ L.
' ' 2 o 6o*¢‘g°* .

3

.'..Tl.(.oo) = e,“{ |+ (‘-4\)"(‘-5-_' + ot "-?'—h)*'.Az(%*-\?’;';*g")i

20 120 «Jo “uPo

and for large Revb: .

' .
- & _Aby L 12D oo
P e = z (v-8%) = e

PR

T, (o) = {'Ji*.‘ib"p-‘)b)kea"'i‘q A\.Le‘za. | | |
The results of the celculation show that when the droplet -
becomes small, the pressure at the d"rop p*(R) is generally
higher than the pressure at infinity p*(eo), since -

.'p*(oo)/p*(R)- = ploe) = 1+K.Ma2.§l(°«). Consequently the fempei'aturé

at the droplet T*(R) will be higher than its boiling point ™

 corresponding to p*(e=), and ‘the driving force for heat transfer « ,

is lowered. Therefore a decrease in evaporation rate 1s expected.,
However, when the drop}.et _approachés its critical temi)erature

and the latent heat of vaporization becomes small (or Li.b becomes

small), the reverse behavior is observed. This ;s due to the

fact that when Ab becomes small, the gradients 1n ten;perature .

become small and the vapor density becomes constant throughout

the domain. Por such a system the viscous force counteracting

{



{ P\X
s

P

) the radial flow tends to become very small. ’l‘he only effect _
o left influencing the pressure :Ls the kinetic effect. Therefore

v temperature .

rthe pressure is lowered at the droplet surface and so is the

In order to compute the corrected value of Rev, a suit-

| '_ a'ble. form of the thermodynamic relationship between tempera- ‘ :

- ture and pressure at the droplet surface is used:

S

_ “a 4 I :
P o) {- a.{l:l_ x> ¥ o * } : ©
Plee) = = . 75 @*T (R) . K f1=-2) = ..K_ b
PRy < o E RS A(‘ z)- e 1)

where T = Tb*/T*(R) and Ty * is the boiling point of the liquid

at p*(es). If the surface tension effects cannot be disregarded,

. 4 should ve replaced vy A again such that p(ed = 1+ H A 'A/T}

" follows that:

" subetracting from the above equation

This effect is once again neglected. Since p(oc)= 1+KMa pl(Oo) it

\.

A (T - (\K—l)ma (w) o | f

" Purthermore ‘- ‘ N o '
. . b b PJL. X o
Tleo) = e"-c-= | — 4 'C‘+A .t-e 0 +(w—)mo. T ces) -

where 67 equale the ratio of the temperature at infinity and '-: '
“the boiling point temperature at the applied preseure, —T*(cc)/'l‘*

13
Rey Pa '
.e\’13=‘C-L\"?:+L\""L'e_"P —

Ab Pa

Since Ma = Re b/ ( =y vite) ‘R ) +§(Ma2) v"andv-» o

T | ..b | RSP o
7 Rey = Re, - [ESDIVR P {re-re=f

/t«‘-* -l q*(R)u *(R) A*(R), with A*(R) being the mean free pat.hbn



KA t " ; A
oi’ the vapor molecules at the droplet surface, the equation B

" can be rewritten in its final form: -

Re‘\' = \ - (K"") Cw ' ' """i:
SR Re.\, R R*/I\*CRHQ' L (2 3-6) %
':_'It should be noted that here the value oi’ ‘the viscosity at -

fthe droplet surface is used. This value should be used also :. :
"4n the application of the above expression to be consistent. i

The coefficlent C, is just a function of Re, b ana A°

' ‘because Pr = 3 in thie derivation. With the use of equations

(2.3=4 and 2,3=5) Cw can be expressed for small and moderate-_.;.,‘_A’f.,’“,‘"".\

’v° {2 8uo
M\,&{ Re,+(’ Re.s‘ (F R )
] 20 \20 gqo

Cu . ;%&f‘.('{ +‘.('t_‘ab'\l{ -E&.\.) (2 Re') g

6o Tzo .be

b > e, "‘g‘ ) C, reduces to:

b

. “for Re,, large (and &

b b PR

Apparently when the droplet is evaporating slowly (small Re

".' size diminishes to nee.r moleoular dimensions. Clearly the sure

' . > R, Re,
{H-%RA.\,*(‘&R&) (ﬁR DY ge_"i ' e_’i _J(Z 3-7)

Cw ‘B {c%, s,)," R R X 2 R

‘when 4°=1, some valuesvfor‘cw fare:Revb=O,Cw=0;' Rev =1,C =25 "
ReDe10,C,050 e

55'

no deviation from’ the linear law is noticed. u.nless the droplet
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The rapidly evaporating droplet, however, the correction be-
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comes appreciable as soon

should be'correcfed:
small,

’
.
.

- i, mean free path of the vapor moieculeé.

the evaporation rate of the droplet generally decreagee..f

Near its critical point, however

small droplet tends to

PN




L. 2-4. :'COrr',ectivons for Evaporation in a,:.cc':)_nv.é*étive' Eﬁvirbnméhf;z'é'.

¢ : , oL

:,Reynolds number, "Re,", characterizing -the forced convective .

‘flow field: Co
o R& = Q#(r—.o)‘v*(oa) R*

N :
et >
As vas aeen previously for a rapidly evaporating droplet,

S
.when Re << Re R

A i’irst estimate of the behavior of the droplet can be




Tt
.....
Wl

Cqe .
1.,,

u* / u*(R) =_- u, (r) + Y'“I (r,é) :{ - .-
w/WR = . pev (ne)

‘where u and v to denote the radial and tangential component
:"‘;';_respectively.' In this expression, uo(r) is the velocity -
ilderived for the evaporation in a stagnant atmosphere, For |
:simplicity the drop is thought to be large here., -
‘. " Very close to the drop uo(r) is very much greater than .
\(u'I (r,8). Since uo(r) is of order unity there and A/ is | ‘

assumed to be much smaller than unity . Similarly uo(r) is .

"very much greater than le(r, 9 ) near to the surface. Far
away from the droplet, however, uI(r, ®) and VI(r’ o) are of .
';'»order unity, while ug(r) approaches zero at infinity, therefore
_the forced i’low dominates no matter how small Y is. Because B o

all gradients have vanished at infinity, the influence oi’ this

.effect ‘'on the overall solution can be neglected for a sui’ficiently .
.. small value of X ‘This procedure clearly is an approximation ’ ‘
'j'_,}and in no way a straight forward perturbation due to the
':apparent singular nature oi’ the problem. . _

This procedure of approximation is preferable to a . : ‘
- frnumerical analysis of the general ‘problem, because of the com—

,- ,".',"plexity which would be inherent in the numerieal treatment mainly

' ""-.':'._Idue to the 1arge number oi’ nonlinear terms in the equatione.



‘r Totw) ¢ (K- M Ty lr) + . Ty s ) (a. 4-3-)
Citlelsetma | Mate i) vy g the) T (2, 4-4).

PSS EPNPUMpRRD IS S S — e i et e e

A

;:2—5.2. Description of the problem.\ e‘ ’

ifing averaged value at the droplet surface, the equations reduce
'ﬂthus; the continuity equation can be written ss:
.Vo'g\./::o.

:?The equation of motion can be written. ass
"'il?R Vp = K MaZ { Re . (convective terms)+(viscous terms)g

"“Vé_The equation of thermal energy can be written as°"
: 2 2)

Re, Proy .VT = VT + (terms of order Ma

;fand the equation of state is not changed of courses )

;iwhen the velocity is assumed to be of the form (which includes
“ the possibility of the drop becoming small)z
Z{‘u = uy(r) + Ma .ul(r) +yur (r,® ) . _f~; (2 4-1)

the temperature and the density have to be of the form°

An initial consideration of. the equations is already most ’
ﬁfrevealing. When the nondimensionalization is carried out in the pf;

v /

i@ same way as above by .dividing the quantities by their correspond--:,;g

" In writing the equations in this form it is assumed that'itw.“..

gg p*(R), T*(R) and §>*(R) are uniform over the droplet surface.'_cggjgj

PO,
. A

i 577;”; However the pressure ehould be of the form' .-:'ﬁ§~_; B 'm‘y”
e p = po(r) + KMa pl(r) + KMa pz(r) + KMa bsz(r,e )... (2 4-5)

YRR

h

i{f‘It is easily seen that this holds true up to order &r because,.-mgt"

v = SR A (| (r,0) (e 4-2),



;Hbecause4there are no terms in the equation of motion, which;fifﬁﬁ?ilff

3%are not'multiplied by a factor‘Maz'except.for the pressure -

i | 'gradient term.

"It should be noted that it was not- necessary to compute f
fjul(r) and ?lﬁr) for the treatment of the evaporation of a'ff

?;small droplet in a stagnant atmosphere. Both functions are’ . %
;jimplicitly known already, however, -and can easily be found by _qfﬁ?f:
;ﬂlyséapplying the equation of state: ‘.' o 'TJ‘_IMP“
p = p0+KMa2pl =QT = QTy+Ma 2( Q,To+(X=1). q’oTl)";-. S

8 X“ or - ?—-‘— 3 K & - (K “) -‘t—.—" ’ ._—,' . . , "l S ; t

e ; - QO . ?o TO | C ‘ ’ SRS SETE

“ and by applying the continuity equationz H¢j;1ﬁ;?jfff'f-,f:§;f; B
izrz R« = v (.q ‘*V“°'E%‘)(l4 < Tnﬂ-‘*u)‘“‘r<'£3ﬁ%f?‘;ﬁ
“o T L Yo, SRS |
: Furthermore, pz(r) is mentioned to be complete, it is computed

 from the equation of motion for the stagnant case (2 3-3a) 3
{iafter the appropriate terms'for'qi and ui are introduced. Y
‘ Although the pressure gradient in the equation of motion,:i
;A(Re / KMaz) Vp,: is indeed of the same order as the convective.
f?and viscous terms, the pressure itself ie not significantly -
uw\;f‘influenced by the forced convective flow field because this .
(“'%ffinfluence is only of order Ma Y » vhich is negligibls. There-‘}?{ffﬁ{i

‘:“?3'fore, the pressure is the same as in the case of evaporation .

jﬁfin stagnant atmosphere as is the’ vapor pressure -at the droplet

:'ﬁisurface..Since‘the tempsrature of:the droplet'is_only a

; : .. i
't " oy . I
\f‘ 3 .



. . S, . .
‘ Ce "'"1:.;'".”.. L

)

jf'function of the vapor pressure, this temperature ie a.lso '

essentially uniform over the droplet surface and equal to the
temperature of the same droplet evaporating in stagnant

%' atmosphere. The same is true of the density of the vapor at L
'I'-f the droplet surface. L , ' IR

Keeping in mind the axial symmetry of the system and

%% choosing the angle to be zero (©=0) at the backside of the" o

. droplet and © = 7% at the stagnation point, the equatione can’ PR

*/" be now written in.their ela.borate form: The continuity

- equation is: 5 . , SR
g .
foct bv_(v- e W) «

):me S'e (M"e Q") (2 4-6)

- The radial component of the equation of motion. can be written a8° -
- 'Rev

W Mo S‘:’-.-Rc iqu'au"f?v—QVlgf.

or -
\
B RS tw)*—-—b.w.m,e) r.,,m,](a en
L tangentiel component - i R
o Rev A r dv 0

- Re w. 9 v v wv
KWt Xg vie 3 * teuyl+

_[.’- LV )_,, ) L%at )*tre _CO"O ]
e v “ve — ve Tpd
RS ) Lo ‘sb (2 4-8)

-7 where ' .

%@
&
g :

a.nd the etrese teneor componente are made nondimensional by' :




! '.written' T LR
T . . N . HE
Reu S R i A %clP ()Pr .i_ L
e — o+ ma AL X -- :
- The term containing Py cancels the convective and viecoue terme .{“'"; L

or” o
A q."'()" 2 . o : . S
« T, e il v. u . . Lot
L e bv(. ©, x)*, CV' e:r )4___. (AmeQ, ) = © - -
o . ' ST ._‘,_.\..'.' o

L-'.-

e 3T -y _

\r‘ bv( ‘.Ame ae

Ry R?v_“-i“%;‘i,*«kgg,’;Jccu'- )maza@

whered) is the ‘dissipation function:

d=.-CE:vwy D B T (244-11) .‘
lheequation of. 'State still is: p '='Q,"r." o '
‘ - The equations can now be reduced by renlacing the variables " M
§ with their expansions, equations (2. 4-l) to (2 4-5), The terms,
""bv‘v'.'n.which are functions .of r only, can be cancelled because these |
‘ "‘are solutions for the problem of evaporation in a stagnant

atmosphere. Thie is illustrated below for the continuity equation. "

Xt v
‘ + k [v‘ DY(\( e l& -k y- 9“0)+_a (Amee V):[(2_4:"12)

\_-:;)‘,"LM*.Y““ o L__Q-u -\'v-!‘p u.'j'

YAw\B 5-9

8t “
1
i

The eimplification of the equation oi’ motion is no more

i difficult The pressure gradient in the radial direction can be |

Av v

"'fz.,'_containing ¢>00 and ug only. The term. containing P cancels the

- ! S
T

convective and viscous terms involving Ql and w Just once,

. 'together with ©q and wu,. Terms of order ( )«2) and _(Ma. J/ ) K

0.

(2'4'10);;1f1;
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are neglected, and the result can be written"

Re, 2 - -Re, § @ UoMr 4@, ur dtte 4 0y c‘uo}*r

\ ¥
)a vim Bs)ecsmet ‘- 'z:”, +____¢~f] (2 4-14) s
 The _pressure gradient in the tann-en’ciel direction can be written' A

Rev L oP - Qev(—-‘?f*-"
W Mol ~ Ob

-4 g_(\r"c

v e
. and it becomes evident that ' R
: “‘v—- ‘DDPf--Re {Po“ %_Vx-r ©o Lo Vr‘g -+ : o
A e ST ‘°**9r¢¢] . 4-15)
. :.jwher,e —C‘};v‘ =,-[\% %_;I_% %:-%l\;'%r°%%‘d9]
AR AL LAt R LR R
Th = P

\
1
(4
<lg

1
s
‘ -

[
S
L—J

(2 4-16) A
Following the same procedure, for thermal energy equation. can—

celling the terms, which are functions of r only and neglecting

terms of 0(}{ )y (Q(Ma X Jand higher, this simplified equation is de-'

s

- 3Tx dT d7' _ 1) zxr) ( %
R uleudFrendlqudb . 42 (W tw%e[wa (2.4-13)
The equation of state simply reduces 10: _ ) g
Pt Matp+..= e, Vo~ et (e T,+ e, T, )43’(91_'1'04- e, Tz Yo .o

; or ..— - S '_rr .
: ?1‘ ) , Qo‘ _T_a,

o (2uan
A salient feature of the problem is now apparentz the approxi- -
. mation for evaporation in the forced flow field and the perturbation

.- for the evaporation of a small droplet may be thought to be super-

. imposed. A solution for the convective problem derived for a large
~ droplet is valid also for a small d;‘opiet, :

.



- numbers, Furthermore it should be noted that S’O’ u and- T, are .fl'

N

substituting the appropriate values of the characteristic'_'-

known functions (of r only)

: : L ' _a
.Qo" t Cow, = -r.gl’ u-ho.( T™ = ""4(‘_"e—R_QVP‘L(' v))

o

.

It is appropriate to state the boundary conditions for the

- correction terms at this point: For r becoming infinitely large:

L me e 1e(e), pr 4pre), ur = |zr6) | - cosd and v = ~|g*(2)]- sino

giving B.C. at r =1 : Ty (ce,©) =0

pI (w,e) =0f ‘
; (c=,8) =cose -

1 (eay @) =-sine

It was seen previously that the temperature at the droplet

'hfnf‘forced convective field Thus~ N -

,_surface is not affected significantly, by the presence of the

I

‘atr=1 TI(le)..o

" Furthermore the viscosity of the droplet is much higher than ﬁvj |

‘j the viscosity of the vapor, so that the tangentiel velocity

.'»Lhas to vanish at the droplet surface:

Q"“that the radial heat flux has to be- continuous at the droplet o

(19)_0‘

' The last boundary condition arises from the consideration ;

-+ surface or°

: M MCL«I&M({)" -"(rR* Qﬁl)\kk&){}((g}*lu §+ 9T R (33;)‘2*- ‘tTr R*Z_c;*‘gg)u,‘v-ﬂ

p where H* is the enthalpy per unit mags and M = - 47TR*2g>*(R)u*(R)._

29



. “"=_'.Note that no terms containing v* enter the equation, since v*

véj_,--equals zero at the surface, as was already seen. Cancelling

~', " terms and neglecting those of © (Ma ‘}/) and higher order, the :
s equation can be written in its nondimensionalized form. _

1% L Yy, © = oTr .

Re JLA “r )r” av_/r”

g If the surface tension effects should be.taken into account,

... & should be replaced by 4. T l '

- 2=4.3. A first step towards solution.™ < 3

A In the investigation of the i’orm ofe-the equations and boundary
s conditions, 1t becomes apparent that the solution should be oi’ the
v, forms | | | |

o =:5-~.%;e(r)".cos}e e

- TI'.' .=':."":;:.f(r) ' cose ;:

g(r) ‘cos 9

vy "_,-.-_-"?’;,-:‘;h(r) sin 9 | (2 4-18),

'-’l'beeause in this form the solutions satisfy the equations (2. 4-12) :

to (2. 4—17) as vell as the boundary conditions. Consequently the i
R > O dependence is eliminated from these equations, A considerable

, simplification of the equations is obtained by a change of

_RV ""'}"‘;;'-.:,variable,», =1 - -l , and eliminating the density by using of
_ =1 419

it the expression ?I = - TI / TO and denoting A(x) T, ax
Substituting the above equations (2. 4-18) in the expreesions

)‘.

“ for. the components of the stress tensor (2, 4-9), these expressions

" reduce to:

| = -4 ‘&t‘i‘* - Yo ¢ s(—) ‘\‘& ‘ﬁr )
Tvvw * 3Lde v Y : §\ el \ '
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.. dition: B.C. at x = 13 py = O
oo o ' ‘.‘ 2
‘ :Rev' P; = Re, o ({ (\-x\:’h (l-—X\ \\IX +

_',-Lt-x) e C-xy’ ch){3+3 H(X)og*——— ¢ - h=o
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z‘
- Cvre = 8’ (4 =5 SR

" and | "c:;»-; t¢¢ = -dzp.

~"”ror for the part which remains in the equations approximating '

:the convective flow field:

”‘C'va:_'g -% cos O {(l x\% —-((—x)%"'(l—x)ln‘s |

R o R N
cand The = TYy = -3 T

Tl = »mo '{U,—x)‘ h - C_s-X)\f\*'(',"")S’S o
where primes denote derivativeé with respect to x. '

From the tangentiel component of the equation of motion, an -

'*, expression for the pressure is found:

Rey’ 33":— ~ Rey A0 §-C-xPR - (- xB‘W;
~aim 6 {u-x? - a0k L G- "‘%*8('-’05&2 4-20)

;  which is readily.integrated with applicational the boundarydcon- |

/

- +cos o {(\—-x) h 8(_!-—)()"\“’ l-X)1+8(l-X)2‘S (2. 4-21)
Using this expression to elimingte Py the equation of motion

~ can be written as:

Rev(_ct-xB 3 {(;—xs F}(x) 21~ x)&g«- z(n—x) G- x)"H(x)}{l+ _
— G=x¥ R 2 (=xY W +zu-x)h]+

| +[(\—X§ \‘\._—-3.(_(-)() k}-z(t—x}\r\:-AZ\r\~(§—x\z¢a-\—2,(\-)()%.4.23_]...

(2.4-22)

 The continuity equation reduces tot.

2
(\-—X) (\-X) :
' (2.4-23)
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The thermél energy equation also reduces to: |
Vo2 ' ' | I Re,Pu A
- g R -Re gl BaefEdq - o
(2.4-24)
vhere ch) } Re, Pa A~eQevP¢X . .
T 1 —a +4 Cne. PaXx : .‘(2.4_25)

This 1s a set of three linear differential eqﬁations with varying.

coefficients. The boundary conditions can be stated:

at x = 0 £ =0 ;ati::_l:' £t=0
f = RevPrA.g g=1
h=0 oo .- h=1

Although this set of equations still remains to be solved, a

‘preliminary conclusion can already be drawn from the form, the

gsolution must take., The "Convective" contribution to the radial

~

~velocity, averaged -over the droplet surface, equals zero, because

ur = g . cosé . Therefore, this term does not contribute to the
total vapor flow evaporating from the surface, and the total rate
of change of the mass of the droplet is not affected by the

presence of the forced convective flow field,

1



. condition at x = 1. (r-scc) Denote' = Re_ Pr and b = Re.
‘It is found: ; |

3, SOLUTION FOR THE EVAPORATION
. IN CONVECTIVE ENVIRONMENT

3.1 Polynomial Approximation.

A

The simal taneous equations, are difficult to solve

- analytically, especially because of the variation of the coef-

ficients. But because it is desired, to provide some insight

. into the behavior of the solution, a polynomial approximation of

the solution is developped, v -

The functions £, £ and h can be expanded in a Taylor series

- around the point x = O (the surface ‘of the drop) they are written .

in the form:

: co  an | = o - |
£y o = 3 to) N - " Co?v
-(: E e X y AT E e X h = i X

n! ' iso

‘ The derivatives used in these expressions can be found directly o

by the evaluation of these equations at x = O, In this manner

£11(0) is found from the thermal energy equation, g'(0) from the
continuity cquationAand h'''(0) from the equation of motion. The

higher derivatives are found succesivcly‘byltaking the derivative dv
of the respective equations and by evaluation of the result at x=0,’ y

The derivatives found in this fashion contain three undetermined

}” constants, which can be computed later on by applying the boundary -

V'
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' -c"(o\-.-. LO.A %(o)

(o) = (244 + 3o A) q@)

<<<<<

. (Saa +6at a +*—ra"4) 1(0) -+ za.A L\(o)
and
%Co') - 560)
%.u;\v-.: (2cp- z)aACo)

%“Co\ = (2-8a4 +3Q.A)%Co)+2_\4(o) ' ‘ o

Aalco) = (n'-taa—-lﬂa."o-«wai’b)%co) 4-2..::\.4.\4(@)—\-2_\4 (o)

a¥ioye L 8- 3204 +4fala-32a’a+Saa+b(8-6aa)]. %Co)
: 1 +[(p+~zaA 8b -2 \-\(.,)4-['_((,4-«-41:4-\:2‘] W' o)
an . - ‘

(o) =

Vnied = Wio)
\-Q(o\ = \f‘\(o)
Wioy = [H-1208 +3ata+b(4-

3aa)lqeo) +L4- 251 ke + cs-@b]\« ©)
\‘P(o\ =

C(ib-26aa-12a%0 +4a’s)+b (16-1204-0%0 )+ - 3aA):I‘ch)
+[16+2a08 -8b -2 H Y+ D16+ b+ ko) .
In the above expressions g(0), h'(0), h''(0) are still undetermined.

When f, g and h are approximated by polynomials of the third de~
. gree, they are written:

' !
N
¢ N
'

£ = Loy "“(") X+'€_€9.)x -«-'Gmwl 3

3 N
A= ey B, @ cwxh, D) 3
. _ U 2! '5.
V i 1t
e = \’1(.0) + \'\("_) + W ;") x4 h_;.") X

‘ When the boundary conditions at infinity are applied f(l)

g(l) =1, h(l) =1 it is found that |

Yo ro )\'\l(u)= 'z *—S‘D

iy o T12 e +6as
Q+s5bthasg+ab A

o) =
Q+5b+6aa +abi
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' After'subs%itufion of the results, the equations read:

. f=o - » | (3.1-1)
SR a = \2 +3 0 ‘-xz+.-%+zb+éa4+abA <3
d+s5h+bastabl g+S b+ bajs+abd
. _2+3b X 4+ -bt3b+saa 2 z2-bt3as+obd '3
S4+5b+bast+abl 9+5b +bag+abi g+s5b+bad+abl

'Clearly, this i1s not a very close approximation, since the
temperature profile is approximated in a very elimentary fashion.:fl
" Note that for Re =0 (thus a=0, b=0 ) the solution reduces to the

'.il_Stokes solution:

3 4 3 ., 3710 . t \3 o . v

A= 2 xFT-gxT= -2 (%) v2 (%) o (3.1-2)

03 L2 _ 3 2 2_ ., Py L L\ '
W= 3 x® -2 xtgxt= -3 (3) 7 (%) o
It is convenient, at this point to compute the drag force'v :

urlacting on the drop, the result being expressed in terms of tho_”

anriction factor:

c 4 .F-x— : - : C L - ;.
= 2 > . e, = : : _ o
v "ié\““")\"n‘)\ TR : «® rr/u:\‘- R*[ V¥ead) - .

Zfi;where F* is the total force écting_on-the'droplet_in the direction .
'i‘v;of the forced'convective floﬁ.'F* can be found directly by inte- .
‘ igration of the equation of motion. F*‘equals the total rate of /
;f?ixohange of the impuls of the drop in the direction of the forced :
s ,H_-convective flow: - ' | '
.:_—'-\ F= Hg (&) c\\@“? ﬂ’ {[_n* e*v”'v*]* n F-:»C.n ’!—‘_J 'g‘-\'%..{m.
~ o Vavep " Sdvop ' |
oThe last integral is evaluated over the surface of the droplet,'

n denotes the normal (directed outward), and z denotes the direction'



ot = s S i, s P et e e e e v g e -

ﬁiofithe'fofeediconveetive floﬁ;;Tnla'expresslon:oan‘ﬁe-rewnittenr;"'

:ﬁthus°

B e L T

" or in its nondimensional form: . . DA

. . ~ Re, - v wo d ‘
27 R* Wi f {(Re,praducn- B pem) r,,cw.))o»-ef;,_g«)fme‘gml_"e"::‘:

When in the above. equation the apprOpriate expressions

'Wtﬁfﬁ'(g 4=1) to (2.4~ 5) are substituted and it is noted that the terms

wf‘the integral, and neglecting the term of orderd/ , 1t is found that°?

4
i

|
-Qﬂiwhich are constant over the droplet surface do not contribute to 54
h
{
1
|
|
%

_:‘“-v_‘_CD'Rec. ’ ?f{( Re 23«“;‘0) Reukgto)-ytﬂ-to)) e +)7, ‘vismesme**‘e

o o : o

| | - "_'; (%(o)—%c‘,ﬂ] + I [\1 (o) + %(0)] (3 1_3) . L ,

d’& For the approximation of the solution by the polynomial of the. ;wlv 3
"%ljf 7) third degree, it is an easy: matter to find the friction coefficient.'

-51;] Note that g(0) and g'(0) are zero: .

C_D R”'c_. = l-_(:v.-t-' 'Rev) 1% ©)> - \«\"(p):) '

Co Ree; =

_Beedz%wtsRé;@q¢&A~:j_.A_.
8 +SRe,vo R Pals REBLA (3.1-4)
"fi; When Re =0 (Stokes solution), then cgeRe = 12, as 1t ehould.-

’(ﬂl°o - Wi

o Care should be taken not to ‘apply this equation without in- {
'ffﬁiﬂvestigation. Furthermore note that the friction coefficient should df'
"éleven become negative for sufficiently large value of¢ﬂ=4H*/c * T*(R)

A

EUSIEN
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. However, it should be kept in mind, that this result is derived

- from a "solution" which is only a fair approximation of the actua,l
behavior of the droplet.

Polynomial approximation to a higher degree becomes pre-
. hibitively complicated due to the large number of terms in the .
equaj:‘ions. The approximation by foﬁrth degree polynomials will be
| carried out here up to‘ the point where it is posAsible to provide
‘some more evidence for the strange behairioi' of the droplet when

4 bvecomes large. The same procedure as before is followed.

The
funotions are represented by their truncated Taylor series aboui
' X = 0, B

. : 1
'%-.-. ‘e(o)-t—'(-‘(o))(«e-'c(")x _“f?”(o)x*_{? co)x&(
2 -
% = -%c.,) “',"b“’)-x'*’ 03%) X.?*. ;‘o e o) ‘3_‘_ ‘azru)x&{
R =

' L1 ) X .
Wio) * W6 X + ‘Lf_ﬂxa+ hm("’)x?‘-é- \"II%oa)
K-> ' "-—"“-G

. Z—“( . 'r; .
~ The boundary conditions at infinity are applied again with £(1)=0,
G Wiy = - (z__f 15 (:,cg;;u, zo{‘)%(y} = - C'_‘,.%c;)
o with g(1)=1, . f I | -
o) = 2% & {-—-ao+‘aa—3ao+ q."a-a—b(.&-“"*"‘ -
. (Bt aatb) e =
. . . of -‘.. I
| Com Uyt geavgata-gatatyn) g g
— N -+ C . c.,)'.- . : S ) -
T @eadsre) b [.3 ‘
and with h(1)=1,

{-Lixteu-20)+ o (ib+2aa-9b-28)]¢, +
LR ’
*[~+—‘-(3+b)*2 (_l(:+‘-(‘:+b" ]Q + A
t(q-—!la[&-‘-ac&é}\-‘- (cé zéaa-lz.ctd-»'~‘1c;’o)+

.};b(‘f 3a4)+.2 ~l(4(=«za.a-ao)+b (u{-saa)s ‘}Co)-—.,
- ] — 12

A A L 2
Stasib [ 3 +.é 3+b> .+_2°~: (16 +4 b b )]
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“1'7:{f¢When Re equals zero, ‘note that cl=29’ 62— 5% and 8(0) %5 °:§ilﬁ

:Tl;Therefore' h' (O)— 2 h"(O)— - % , g(O)_O, and the approximation

"ﬁfable to represenf the temperatureIprofileicorrectly. In those

N e : . . -

. *
P
v l- ’

R

Al e L S

|

z
o
|

R

:fﬁisyagain reduces to the Stokes solution as it should. . . 'jﬁ
| _ The solution of special interest is that for largeA s, whenA |£
v'l7cié.becomes large, e 1s not affected, but ¢, approaches - 23001 o ;ffﬁ.
_‘_t: Accordingly. , | | -r " ;&
O aa Le-2g- ‘_5, b - & b") C,+ ( P befat Lab- qb")]%“) =1
" or - ad. o5’ « 8(0) = 1. Note that og' just a8 o) is a postttve: . |
: %f.constant, and for the limit whenHAbecomee very 1arge, it is found":?:
Saeee Lgle o Hes oo ’“.‘°’ - ze’i' L
i For the friction factor it is found that: 'éf
ur:};-which is always negative since c, > 1. N : nii
d Clearly the fourth degree polynomial would predict the same élfi

.u””é:result as the third degree polynomial. However, as will be seen fﬁkiy
.WTT‘;iiboth approximations are in distinct disagreement with the nnmerical i

.‘fri results for A being large. From the numerical results will be seen, ?‘
B bfe;;that the "convective" contribution to the temperature, the functiongf

;€7:5i};if 1s monotonously increasing from x=0 to x=1 and drops back to 5
f?ﬁt{'zero suddenly at x=1. Such a function is not easy to approximate : flt
_yifiii¢with an polynomial expansion around x—O, For cases, where the. ‘?
- iﬁi:gradients in the temperature field are large (A* large, Re large) fc
o ';&'the polynomial approximation is gravely in error, since it is not j?’
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cases many'mdfe terms should have to be taken into account, but;."

" due to'the complexity in thé expressions this is not feasible.
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: L ot . 3,2 Numerical treatment of the problem. c e

‘thfwhich already the angle dependence is eliminated can not be. solved

'Tﬁ7nnumerically by any easy method, because the set consists of three'}iﬁ

L *55} simultaneous ordinary linear differential equations 1nvolving
:'1’!“;;'h1gher order derivatives and with split boundary conditions for'ﬂti”
‘vyf:;each of the variables, Careful. investigation shows that the set
Z:ff:is indeed a sixth ‘order system, .
}}ﬁgiifkf '~ Generally there are several ‘approaches whioh can be tried.iffé:

TN
:

'rﬁflvHowever, a "marching" solution, for instance, will result in

"e_excessive trial and error. Direct integration from one end to the < 3_

'2‘;72flﬁother would require that three additional values of the respective o

1;since there are only three boundary conditions known at either end.,

t

-?ﬂ is treated simultaneously, has to be implemented. The variables

'q;ﬁ;Aand their derivatives in the equations are. replaced with the : ‘fig

;fwith error order (s where s is the grid spacing, the derivatives

The set of simultaneous equations (2 4-22) to (2 4-24) from g- ii

[ VSO LUU U NVURUIOISY S S

s
=i
* functions or their derivatives be known at the starting point (x—O), g

-

Therefore a "jury" solution method in which the whole domain I

- fﬁ{appropriate finite difference representatione Using the expressionsfﬂg
. : 2) | T
4

i 3 have to be replaoed for the interior of the domain with° | f
: ! . . : . .
- \3‘." = By "'So—a -+ (9 (s:.>‘ a

“3“& = i+ ‘1"8.’.“'%1-—-__‘_ © (52):, )
o e Pt 3 ' S _ '-2 i
" . . . : . N v
W s Yien mR Wi+ 295" 92 4 ©s2)
: 2 5'5 R : ‘f" :
; v i
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' A 1is the matrix of the coefficients which turns out o be a five

' The above expressions are directly derived from the expansion

of the differential operator,in terms of central differences., .

-if‘vfor the third derivative are needed in terms of forward differ-

©% encest | . N

' 4. =-199%:., +2¢ T Y - :
" e EBiz 080 20 Gea T 1T 8is ¥ o g g3)

283

..~ and near the outer boundary in backward differences:
%lu = -3 5,’,.,..., F I Qopy ~2Y ‘3[-«;"“9%;'-0 "‘9‘28: Cs;l.)

2 s

| Ii This is done in order to avoid the introduction of virtual
"points in the finite difference expressions of the equations,
Fortunately most of the boundary conditions are‘of Dirichlet tyne,
. and only one is of the Neumann type. The Dirichlet conditions
i;x.do not constitute any problem at all at the boundary. The Neumann ;L
i.i; condition is the one which reiates the radial vapor velocit& term'
‘Tm:fat the surface, g(0), to the gradient in the temperatume term

vm;gghere, £(0). When a representation of the derivative is used in .3fc”

'fﬂ,ence expression of the equation set is complete and ready to be L

 treated numerically.

When N is the number of. grid spacings the set of simultaneous

””ﬂiEAequations generates 3N +3 1inear algebraic’ equations, which can -
. be represented by the matrix equation'éc._x = B. Here is Y the

"f:'variable factor consisting ofs

Y = ( hl’ hz.....hN“’l’ gl,gzoooo_-;ogN*.l’ flp f2"'°'°,°fN+l')

L

.o

_J:Neaf the inner boundary (actually one grid point away) expressionsf.l”

"”gﬁwgterms of forward differences up to order (32), the finite differ- ?;-;
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diagonal band matrix. Unfortunately the matrix A is not
diagonally dominant so the convergence of a successive over-
relaxation scheme cannot be guaranteed.

A direct solution method should be implemented. It turned

out that the matrix was quite 11l conditioned (the ratio of the

largest to the smallest eigenvalue was about 1.000 on the aver-

‘age for the 63 by 63 matrix). A special routine* was used.whicﬁ

applied Crout's method with row equilibration, row interchanges,.
and iterative improvement to the solution of the matrix equatibn.
The program was run on an I.B.M. 7094 computer. The number of
grid spacings, N, was 30, the largest value for which the matrix
could be accomodated on the machine. The influence of the value
of N was investigated and it was found that a change from

N = 20 to N = 30 changed the results by less then 10%. The time
required to obtain a solution was ) minutes. !

i
i

).
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8.3, Results. . L i

. The results were obtained directly from the computer T'fﬂﬂ'f

implemented numerical caloulations. " The program which was used, f;

plas well asfthe computer output, are presented in the appendix..‘ﬁf"i
. The output is in the form of a table, representing the functions f,

_ ig and h as functions of X. One sample case is reworked for the -» ;.
' - components of the velocity vector correction as functions of r and

. _i?

~1s represented in table 2. The case of Rev=lwand A=1 is taken;

' others may be reworked similarly.

The result for the drag coefficient—convective Reynolds
number product is ﬁoruseVeralnvalués of A and~vaporization Reynoldéﬁ
number is presented in table 1. The value, which is computed f‘h ‘
from the”numerioal result,—is stated. For comparison the value.

v'Lcomputed from the analytic expression derived above for the poly- fi

;’nomial approximation of the third degree 1s mentioned between

; parenthesis,t Clearly this approximate analytic expression for
| Cd-Rec 1s only in fair agreement with the numerical results. How;fé
ever, for cases of practical interest (A smaller than 1Aand Rev up ;

to 3) the approximate analytic expression can be used to provide an’

" estimate of the friction coefficient. i .

| For the case of the evaporation of a large droplet the use of ?
the results is Qquite simple. The value of Ab can be computed é
from p*(es), since p*(o*) gives the boiling point temperature of the
droplet, the value of Res can be computed from T*@w), since T*@nﬁ

givese . A\Then Cd' Re - can be computed from the table or by use of {
the analytic expression, when the parameters are within the valid- T

Aty region.' Clearly the friction_coeffioient is then'known as a

S e



jffflow field of the drop evaporating in a stagnant atmosphere and

,T;tthe results from the numerical or approximate analytic treatment
".of the forced flow problem. It should be noted that the ianuence

. of the correction. is. of orderb' ‘The fields can now be directly _]Eﬁ

‘i_because the convective term 1s taken 1nto account in the equation :

ean be oalculated by the superposition of the corrected radial

"the radlal flow field near the droplet, although far from the

~difference, not only because the radial flow 1s 'added, but also_‘;

LR SRR

function of Re ’ which expression 1s valid up to Re equals 0 l.;'

The foroe convective field around the evaporating droplet

computed by Just adding the convective solution multiplied by

Xto the radial flow field. , S - T
' The resulting flelds have the definite characteristics of

droplet the radial flow fleld 1is negligible.' As compared to the

stokes flow situation near the drop, there is a distinct

of motion. Thus,,compared to the flow around a non-evaporating;;
particle, the streamlines and stagnation point are displaced

outward, decreasing the tangential velocity gradients near the w;

droplet with attendant reduction frictional drag.g ;'
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B R%?b.-.: - 7 12,00
.  (12.00)

) ‘*T%ﬁ,( 4.44).
L B2

| ‘.6089 . ‘ *
((1.45)

( 1.08‘) R

; Table 1: Drag coefficient: cdeeéfipumeric and ("analytié") values_l,5

S R
o




Re ='l, A=1.
"Convegtive" contribution to radial.velocity: uI £-cos:"g(r)
r=). S r=1.25 r=1,66 r=2.5 - r=5
71 40.135  40.080  -0.062 -0.292 . -0.606
S/ 40117 | 40.069 . -0.054  -0.252  -0.525
§7 40.068 © +40.040  -0.031 -o;ilé_ ~0.303
e 0. 0. 0. - o. o,
/3 : —OfO68-' 1-0.040':_+0.031 ~+0,146 +0,303"
T/ -0.117  -0.069  +0.054  +0.252  +0.525
o  -0.135 = -0.080 +0.062 - +0,292 ' 40.606
"Convective" contributioﬂ\toAtangential velocity: vi= - sin h(r)
©r=l. r=1.25  r=1.66 r=2.5 r=5
o 0. },; 0. »5" 0. oo, H’t 0.
S/ 0. -0.086 | =0.172  -0.254 . -0.370
im o. U 20.149  -0.297  -0.456  -0.640.
77/ 0. ~  =0.172  =0.343 - -0.527 ° -0.739
ifs 0. '=0.149  -0.297 | =0.456 . =0.640
/e 0.7 -0.086  =0.172 -0.254 © =0.370
) 'Qovi"1 ; 'O.'A ‘;:] 01 i u 0. ";'  0.
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v'l‘=.OO |

B

- -0,866

" -0.500

0.

+0.500
+0.866 |

B

{r=%

OO

- -0.500.

-1.000

. -0.866

=0.500
o,
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4. CONCLUSIONS. .

- This study has been concerned with the evaporation of small.

droplets into its own vapor as well as with the evaporation in af

convective environment of its own vapor. The two effects have

been treated separately, and 1t was shown that the corrections:

derived for both effects are independent and can be superposed.

The correction forthe evaporation of a'small droplet turn- .

ed out only to be important if the droplet size diminishes to

- the order of the mean free path of the.vapor molecules near the.

surface. ‘Anpexpression forthe total rate of change of the mass

was obtalned: K =YC
| @ - = )ﬁ, - L)'RW (2.3-9)
» (R* / N (RY) :
This result is in agreement with otherworkG, but the sign and

- the magnitude of the correction could be discussed on a quantita-

'.tive basis here The correction to'evaporation rate due to the

convective enV1ronment is negligible

The correction for evaporation in: convective environment was
obtained in terms of the product of the drag coefficient and the
Reynolds number, Re o’ describing the forced conventive flow |

It was found that the drag coefficient was lowered with
respect to the case of Stokes flow and on approximate expression
for OdeRe wa.s derived (3 1- 4) ” | |
Stated in qualitative terms, the result is easily explained.

Due to the high vapor flux at the surface, the forced convective

-~

flow is blown away from the surface of the droplet such that



T

-

| tbe.tangéntial vélocityvcomponents»cannot penetraté éasily :
- neaf the droplet. Consequently 1t might be expected, that,‘whén 
..vaporization takesvpléce, the gradients of the tangentilal  ?‘i
velocity.in the radial direction are lowered near the sphere. |
This 1s what agtﬁally happens: h'(0) is loweredlas compared to
."thevcase of‘Stokes’flow, therefore the skin.friction is lowéred,";
and»the_generation of the macfoscopic impﬁlse dué to:the unevenly' 
'distributed radial vapér.velocity, is not big enough to offset
this effect. o | | |
Future extensions_of this.work_tgﬂinclude the effects of
turbulent flow and diffusionalvmass transfef (environment of
other than droplet.vapor) are necéssary. Investigation 1s ;130
required fdr the.dfoplet évaporatihg within a combustion shell ;
in a convectilve field. Fﬁrthermore; the true implications of‘_
certain of the aésumbtions nécessary in this treatment should be
f subjected to careful ;xamihation. The form of solution taken
lto eliminate & depehdence possesses soﬁe undesirable
;'characteristics which can be distinctly noted in the predicted

‘temperature behavior near r —s>o2. More rigorous approaches or

- experimental measurements may resolve this problem.'ﬂ
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" APPENDIX.

This appendlx contains the oabulated results as produced by thefn,

I B.u.rcomputer._

‘As an 1ntroductlon the program, Whiqh_waﬁ'aCfuaily used?igﬂﬁf

'ifpresented.,“ »_' __f“] lg  ‘;,‘  ﬂ;t Tf } f  [ﬁ;*

The functiorms £, g and h are tabulated as functions cf the % ia~?

‘ 1ndependent varlable x for varlous values of the parameuers,

‘.

v
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U SO

e e 7 S L R L b i ‘ =5

i B TMENS TON A(93593 1,8 (93 S Wis0 W2 l50T, W3 {50 THWE (3571, A x‘5037
' 1 WS2{50)sW2S{50)+HA{50}:GA({50),FA(50) ,X{93) ,RAM{50)
T . Eﬁ@TCAL STNGUL -
- TEGER EX
N 20
CP=0.75
199 CONTINUE
i N=N+10
Te o D=.0625
g v 200 CONTINUE
. D=45%D

___R=.125
B 60 TO 300

= 201 CONTINUE

g 300 CONTINUE

E R=2, %R

ST , M1=N-1 ’
e ' M2=3%N+3

E NN=N+1 "

B DO 11 I=1,M2

s DO 10 J=1,M2 : S

ES A{I,J)=0.. : | )

r " B{1Y=0.
o CONTINUE
CONTINUE
IF{R.G6T.0.0001) GO TO 15
R = 0.

15 WRITE{3,16) R, P, D, N ‘

16 FORMAT (ITH REYNOLDS=,F1C.7,104 PRANDTL=,F10.7,8H DELTA=,

1 Eﬂo T9s3H N=,13///) ‘ ' _

SR _ FN=N
S S=1./FN
N SEZ5S .

$3=52%*S - %

D0 20 I=2,N

Fi=1-1

RAM{T)=F I*S . ,

Wil)=1.-FI*S - S : - -

W2 (I =W{TYa W1y ' . o -

W3LI)=W2(I)*W(I)

WalT i =W3{T1*W(T)

_AX{T)=R#PED¥EXP (R¥PHFI*S)/{1.=D+D*EXP (R* PEET%S) )

WS2{TY=W(T)*32
: W2S(I)=W2(T1)*S
- HACTY=T. =L 7550 T = 2503 (T

GA{I)=1,=1.5%W(I)+0.5%W3{I)

; ' . FA{T)=0. , .

L i 20 CONTINUE

" RAM(1Y=0., . , , .
- HAL1Y =0, I S B

v ' GA(1)=0. | T
' | FA(1)=0,

PAR B
pt pt
= O

Lo g

F'ORP.I-{IIE Ifl/ < “-

T R RAM(N+1Y=1.
el HAIN+1)=1,
g GAIN+1Y=1.




- e T : _ 5
FA(N+1) 0. ~ ' o . L : y
_ HRTTE(S, 40V (T EATT  CATT Y, EATTT ARV =15 NN
' 401 FORMAT( {4H 1=,1344H HA=,F10.744H GA=,F10.7,4H rA—y"lO 7,
o , 1 4H AX=,F10.6)) .
: L All,i)=1. ) B - - o
AT2,23=R% sp(z,»w3f2)+2,“msz(2))—2 SR WI TS TR 6L F WIS (2T =2 %53
A{2,3)=R*SH{=W3(2)+W2S{2) ) +9.%W3 (2)=3.%W2S5{2)=~WS2(2)
ST T AL 2, 4 ==1 2. w93 (2Y) -

Al2,5)=7.%W3(2)

CA(2,5Y==-),.5%W3(2)

A{2,N+2)=—0.5%R* snwzs<2>—wzs(°)-u57(2)

A{Z,N+3)=R4 s'\s W25 2) AX(Z)—7,“WS7(2))*2.*W2>(2)+2.453

ALZ2yN+4) =0, 5HRUSHW2S{ 2)=W25{2)+W52(2)
A2, 2*N+4)—R*SB (2. 0% w3(2)—w4<2)~Ax'2))
DO 31 I=3,M1

il
i

ac.

formz, |

NI=N+T
N2 1=2%N+1 -
T AT, T=2Y==0. 5%W3 (1) =
AT, I-1) =RESH(~W3{1)=H2S(11)+W3{ 13=3.%W2S( 1) +WS2( 1]

AUT, T =RESH{ 2 W3 { Ty + 2 WS 2{ I v+ 6. =W25(17-2.%83
gg;i;i;ligf§#(—w§;”) HZS(I))—HB\i) 3,~w25f —WSZ{I3
ATI,T+23=0.5%W3(1) .
A{I,NI )=-0, SwR«§~WZS(1)—WZS(I‘ WS2{71}
AT, NI+l Y=R®S%(S*xW2S{1 ‘AX(?;—2.~ASZ(L)>T2.«42511)+2. <S3
A{I,NI+2 3§o.5 <R s¢w25xzi—u7s<13+y32( :
AT N2I+2 3=t HSBH(2 HWI(I)-We{T1) AXx1>>~
31  CONTINUE

A{N,N=41=1.5 WB(N)

A{NSN=3)==7, %W3{N)

A{N, N— 2)-12°»W3‘N)
i AfNyN=1) =R=S:x (-WB(N)-NZS(V))—9,vWB(\)—3.“WZS(\)vhSZ(\)
ATN,NY =SRESHE (2B INY+2 JEWSZINY )+ 2. 5% W NI ¥ 6 5 W2SINT=2.%S3
A{Ns N+ 1) =R=S%{~ WB(N}+N25(N>)—3, W2S{NI-WS2{N\) 3
ANy 2%N) ==0. 5%R%=SEW2SINT-W2SINI-WS2{NY - -
AIN, 2%N+ 1) =R¥SH(SHW2SINIHAXEIN) =2, % 152\N))-2.“W25(N)+2.‘53 o
ATUN, 25 N+2) =50 . 5%RxSHW2 STNT=W2S{NI+WS 2N}
A{Ny35N+2) =RESIH{ 2. %W {N)—W4&INIEAX N}
A{N+1,N+1Y=1. .
BIN+13=1, N ~
IF(Q LT.0.0001Y GOTO 50
{N+2, NvZ)— SHR%P D
(N+2, 2%N+4&1==2,

A(N*Z 23EN+5)=0.5
50 TO 51
50  A(N+2,N+2)= S
- 51 CONTINUE . ]
DD 32 I=2,N '
NT=N+T
N2 I=2%N+1 : : -
A(NI*1 ,1V==2.%§ o , 3 : R
CA{NI+1 oNI )==W{I)*0, 5 ) - '
AUNI+1 GNI+L 3=S%{2.-WI{II%AX{IY)
AINI+1 G NI#2 J=+W(I}*0.5
, A{NI+1 SN2I+1 1=0.5%W3{T)
8 o AINI#1 oN2I+2 )=SEW3{I)FAX{I)
; A{NI+1 sN2I+3 . )1==0.5%W3{1}

7




e e e eees e emems e e b R, - -53
s 32  CONTINUE
T o AC25%N+ 2, 28N+25=1. T
. B {2EN+2)=1.
T AU2wN+3, 25N+3 =1,
i DO 33 1I=2,N
e . (T=N+1
o  N2T=2%N+]

AIN2T+2 SNI+1 V==S2HERH*PEAX(TY
CA{N2I+2  SN2I+1 )= ~2(I)+R PEW2S(13%0.5
AUNZT+2 S N2T+2V==2 W2 T =2 ¥ SY+R¥PHS2FAX TV HW2(T)
A{N2I+2 4N2I+3 )= w2(13—o 5HR%P =125 {1)
33 CONTINUE
A{3%EN+3, 3xN+31=1,
CALL MX40(A, B3 X, M2,15DET,EX,CNR, SINGUL)

. . ~ 1
-1,»'{@-.(;' [Py

- WRITE (3,101) DET,EX,CNR
o T 101 TFORMAT(6H DET=,F10.5.5H x-,IS s 6H C\R—,Ezo .73
Z IF(N.EQ.20) GO 7O 103 .
FIN.EQ.30) GO YO 105 '
e C WRITE{3,102) (IsX{I),X{I+11),X(1+22),1=1,11) A -
T 102 T FORMATY {T1(4H TT=71304H  H=F10. 7To4H  G=,FLOV T 4H  F=,F10.777y
: ' GO TO 107 .
‘8 TT03  WRITE{3, 104 (I, X1y X121 X{T+&2y,1=1,21]) _ _
z 104 FORMAT (21(4H 1=,13,4H H=,F10.7,4H G=,F10.7,4H F=,F10.7/)}
: 6o TG 167 ;
[i;f__ﬂ*_ﬁ___*.mé0§mA.A“’ E{3,371) RyPsD

371 FORMAY{LHIL///77+11H REYNOLDS=,F10.7,10H PRANDTL=,F10C.7,
1 8H DELTA=,F10.7////) : :

: WRITE(3,372) ,
5 372 FORMAT(1H ,3X,11H VARIABLE X,4X, 11H TAN.VEL. H,4X,
' 1 11H RADJVEL. G-4X,11H TEMP.FENL F/7/)
WRITE{3,106) (RAM{I)-X{I),X(I+31),X(1+62),1=1,31)
106 FORMAT(1H 34X, F10.735X,Fl0.795X;FL10, 795X3,F10.7)
WRITE(3,373)

T T 33 U FORMAT (TR N -
107 COVTIVUE ' .
LS— 1
L (SINGUL) IS= 2 L

Go'ao {151,1527,18
151 WRITE (3,161)

161 FORMAT(IIH A IS O.K.7/%
- GO T0 163
152 WRITE {(3,162)
162 FORMAT{15H A IS SINGULAR//)

; 163 CONTINUE '
. , HP={—o5%X{3)+2.%X{2) =1.5%X(1))/S
" HPP=(=XTKT$L,=X(3> S HEX{2Y+2. %X 1YV/S2 o
H4P= 11,*x15)~56°OX{4>+114.““133*104°°x12)+35.« X{1))/112.%52)
. HDD-’—lOo*Xxé)+6l°*Xxb9—156. x<4,+2L4° KUY =15G X {2V+45 %X (1,3/
. 1 iLz?»sz>
o GP={ =S X {NN¥3 +2 X (NN¥2) =10 S*Xt\m+1))/s
Lo : GG=2 . #REX{NN+1). )

DGR HP +HPP Y EP T 3L R TR (NN 1T /3.
2 P4=—RH¥HP +H4P+GP/ 3. +8 o X {NN+1) /3.

e L 95‘—R°HP+H5P+GP/3°~8° X {NN+1773,
" TR==4.%{ GP=X{NN+13)/3.

ff£H§¥Y?NN1YS




Lo T ot et e 9 e

. ' A : : o 47
PO ‘ | CDRE={-8.%{GG+PG+TRI+16.%TT) /3, . o ° .
T CDRS={-8.%(GG+P5+TRI*16.%TT) /3. - - - )
. ‘ CDR4=(~8.%{GG+P4+TR)+16.%TT) /3, ‘ L '
(o , COREA= (8% (36, +12 FR-6 LHRHPHD+ I, N (R*HZT IV /(3% B+ 5 #R+6 S HR&P %0+
' 1 PADM{R®%23)) - ' o _
' T TWRITE(Z,LT0THP L HPPLGP, GG, PG, TR, TT, CDRE, P4, COR4, PS5, CORS,COREA
o 170 FORMAT(5H - HP=,F10.6,5H HPP=,F10.6,4H GP=;Fi0.6,4H GG=,F10.6,
- , 1TAHTPGELF10. 65 4H TRE,FLO6 4R TT7=.F10.6,/7TH  CDRE=,F20.%67, =
A 2 5H P4=,F10.6,7H CDR&4=,F20.6/,5H 5=2,F10.6,7H CDR5=,F20.6/,

N 3 8H CDREA=,F20.6777/7Y" _
e IF{R.LT..001) GO 7O 201 i
: TEIRTLTSI0.7 60 95006 | N
i 1F{0.LT.i0.) GO 70 200 L L
g FUNCUT. 257 60 70 199 . - -
E STOP |
e .~ END
¢ - -
)




» REYNOLDS= 0.2500000 PRANDTL= 0.7500000 DELTA= 0.2500000

TEMP.FN. F

VARTABLE X TAN.VEL. H RAD.VEL. G
0. - : O. -0.0625157 -0.
0.033%3333  0.04354867 "~ —0,0571311 ~0.000098%
0.0666667 0.0860147 -0.0%89932 -0,0001983
0.1000000 0.127438% =0, 0381737 -0.0002998
0.1333333 0.1678594 -0.0247446 -0.0004033
0.1666667 0.2073178 ~  =0.0087772"  -0.0005089
0.2000000 0.2458537 0,0096555  ~-. =0,0006170
: 0.2333333 0.2835073 0,030481% -0.0007277
E 02665667 0,3203190 0.0536279, ~0.0008414
v 0.3000000 0.3563291 0.0790221 =0.0009582
iz 0.3333333 0.3915783 0.1065911 ~-0.0010785
¥ T 0.3666667 0.4261070 0.1362616 -0.0012024%
E 0.4000000 0.4599561 0.1679599 = -0.0013303
R 0.4333333 0.4931664% 0,2016125  -0.0014624
5 0.4666667 0.,5257788 0.,2371453 -0.0015989"
N 0.5000000 0.5578344 0.2744842 ~ -0.0017401
e 0.5333333 0.5893742 0.3135545 -0.0018862
iE 0.5666667 0.6204396 0.3542817 ~ -0.,0020372
E 0,6000000 =~ ' 0.6510718 0.3965906 ~0.0021934
e 0.6333333 0.6813123 0.4404060 =0.0023547
2 0.6666667 0.,7112025 0,4856523 -0.0025210
: 0.7000000° -~ 0.74078%41 0.5322539  -0.0026919
™ 0.7333333 0.7700987 0.5801345 - -0.0028667.
o 0.7666667 0.7991879 0.62921787 . —0.0030440
i 0.8000000 0.8280936 0.6794273 -0.0032212 .
RS, 0.8333333  0.8568575 0. 73068617 —0.0033931 -
:  0.8666667  0.8855213 - 0.7829169 .~ =0.0035494
f 0.9000000 0.9141264 ~0.8360425 —0.0036656
e 0.,9333333 0.9427144 0.8899847 '=0.,0036726
L 0.9666667 0.9713257 0.9446657 — =0.0032914
: 1.0000000 1,0000000 1.0000000 -0,
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. REYNOLDS= 0.5000000 PRANDTL= 0.7500000 DELTA= 0.2500000

RAD.VEL. G

TEMP.FN. F

VARTABLE X " TAN.VEL. H
0. : 0. -0.1156937 -0.
0.033%333 0.0382960  =0.1075042 Z0.00036656
0.0666667 0.0759560 . =0.0969538 ~0.0007432
0.1000000 0.113010% =0. 0840818 =0.0011308
' 0.1333333 0.1494899  -=-0.0689274  -0.0015307
0.1666667 0.18542527 — =0.0515295  =0.0019437
0.2000000 0.2208471 -0.0319270 ~- -0.0023713
- 0.2333333 0.2557868  -0,0101586  =-0.0028144%
0.2666667 0.2902753 0.0137368 -0.0032745
0.3000000 0.3243441 0.0397208 =0.0037527
0.3333333 0.3580247 0.0677548 -0.,0042504
0.3666667 0.3913488 0.0978004 = =-0.0047691
0.4000000 0.4243483 0.1298191 -0.0053100
0.4333333 0.4570550 0. 1637727 =0.0058747
0.4666667 0.4895013 0.1996226 -0.0064645
0.5000000 0.5217196 0.2373307  —=0.0070809-
0.5333333 05537422 0.2768586 -0.0077253
0.5666667 . .. 0.5856020 0.3181681  =0.0083990
0.6000000 - 0.6173316 0.3612207 -0.0091029
0.63333337  0.6489642 0. 4059784 —=0.0098380
0.6666667 0.6805328 0.4524027 -0.0106044
0.7000000 0.71206707 0.500455% -0.01140716
e 0.7333333 0.7436111 0.5500985 -0.0122271
0. 7666667 0.7751874 0.60129387  =0.0130760 "
0.8000000 '0.8068330 0.6540034 =~ =-0.0139377
» 0.8333333 0.8385817 0.7081897 —  =0.0147911
‘ 0.8666667 0.8704650 - 0.7638155 -0.0155904
0.9000000 T 0.9025172 0.82084%472 =0.0162274
L 0.9333333 0.9347700 0.8792401 -0.0163910
- 0.9666667 ..  0.9672544 0.9389696 =0.0148142
1.0000000 © 1.0000000 1.0000000 -0.




REYNOLDS=‘1.0000000 PRANDTL= 0.7500000 DELTA= 0.2500000

Eorre

TAN.VEL. H

S VARIABLE X RAD.VEL. G TEMP.FN. F
(z 0. " 0. ~0.1945954 -0.
Ta 0.0333333 0,0290973 =0.1831872 TZ0.0012497
3 0.0666667 0.0582187 . =0.1700293 -0.0025645
& 0.1000000 0.0873891  =0.15511127  =0.0039513
gz 0.1333333 0.1166336 -0.1384205 -0.0054156
¥ 0.1666667 0.1459760 =0.11994327 ~ =0.0069637"
- 0.2000000 0.1754486 -0.0996639 ~- -0,0086023
g 0.2333333 0.2050721  F =0.0775654  -0.01033856
g 0.2666667 0.2348759 -0.0536286 -0.0121804
& 0.3000000" 0.2648878 =0.0278331 <0.0141357
e 0.3333333 0.2951363 -0.0001563 -0.0162135
E 0.3666667 0.3256507 0.0294257  — =0.0184229
5o 0.4000000 - 0.3564607 0.0609390 -0.0207739
20 0.43333373 N.3875969 0.09441137  =0.0232769
3 0.4666667 0.4190904 0.1298722 -0.0259431
P 0.5000000 0.4509735 0.1673532°  =0.0287839
0.5333333 ' 0.4832787 0.2068876 -0.0318114
0.5666667  0.5160397 0.2485107 ~ =0.0350379
0.6000000 " 0.5492910 1 0.2922599 ~0.0384756
0.63333337 . 0.5830676 0.3381743 =0.0421362 ",
0.6666667 0.6174057 0.3862956 -0.0460300
0.7000000 0.65234721 0.4366673  =0.0501639
e 0.7333333 - 0.6879143 © 0.4893355 -0.0545385
F 0.7666667 0.7241605  0.5443487  =0.0591423
3 0.8000000 0.7611197 0.6017583 -0.0639392
P 0.8333333 0.7988307 0.6616191 =0.0688415
i 0.8666667 0.8373329 0.7239899 -0.0736432
§ 0.9000000 0.8766649 0. 7889345  —-0.0778258
: 0.9333333 0.9168640 . 0.8565243 . —-0.0798525
e 0.9666667 . . 0.9579653 0.9268420 -~  -0.0733517
: 1.0000000 °~ 1.,0000000 1,0000000 -0. .
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L ~ REYNOLDS= 2.,0000000 PRANDTL= 0.,7500000 DOELTA= 0.2500000
» " VARTABLE X TAN.VEL. H RAD.VEL. G TEMP.FN. F
'3 0. 0. - -0.2566707 . 0.
g 0.03333373 0.,0162389 ~ ~ =0.2455583 -0.0033856
¥ 0.0666667 -0.0330815 - -0.2335092 -0.0071257
2 0.1000000  ~ 0.0505605 . -0.2204496 —-0.0112564
2 0.1333333 - 0.0687114 -0.2062994 -0.0158173
'3 0.1666667 0.0875723 =0.1909729 7  =0.0208521
'_.; 0.2000000 0.1071843 —0.1743774 " —=0.0264089
g 0.2333333 0.1275915 -0.1564133 -0.0325405
0.2666667 0.1488418 ~0.1369739 - -0.0393050
S 0.3000000 0.1709868 -0. 1159444 -0.0467665
L 0.3333333 0.,1940824 -0.0932022 =0.0549952
i 0.3666667 0.2181891 T =0.0686160 =0.0640687
8 0.4000000 02433723 -0.0420456 . -0.0740719
8 0.4333333 0.2697031 =0.0133417  =-0.08509865
3 0.4666667 0.2972585 0.0176550 -0.0972511
: 0.5000000 0.3261221 0.0511136  -0.1106420
x 0.5333333 0.3563845 0.0872139 ©~  -0.1253941
i 0.5666667 0.38814472 0.1261461T —  =0.1416408
- 0.6000000 . 044215080 0.1681121 -0.1595260
0.6333333 0.4565918 0.2133250 -0.1792028
0.6666667 ' 0.4935212 0.2620100 -0.2008305
. 0.7000000 0.5324324 0.3144047 =0.2245680
i 0.7333333 ' 0.5734728 0.3707598 -0.2505590
0.7666667  0,6168015 0.4313397  =0.2789032
0.8000000 - 0,6625898 - " 0.4964237 -0.3095918
> 0.8333333 0.7110215 0.5663077  =0.3423609
0.8666667 0,7622926 0.6413073 -0.3763175
: 0.9000000 0.8166100 0.7217626 -0.4088410
L 0.9333333 0.8741886 0.8080489 - =0.4315222
0.9666667 0.9352468 0.9006008  —-0.4080711
1.0000000 - 1.0000000 . - 1.0000000 -0.




REYNOLDS= 4.,0000000 PRANDTL= 0.7500000 DELTA= 0.2500000

VARIABLE X TAN.VEL. H RAD.VEL. G TEMP.FN. F

- 0. A -0. -0.1808385 -0.
3 o , 0.0333333  0,0069150  —0.1779573 -0.0050561
% 0.0666667 0.01430329 -0.1751156 -0.0111824
B 0.1000000 0.0221892  —0.1722321 -0.0185618
z 0.1333333 0.0305995 ~0.1692095 -0,0274055
g 0.1666667 0.0395680°  =0.1659327 _ -0.0379573
” 0.2000000 0.0491358 ~0.1622661 " =0.0504979
e 0.2333333  0.059351%5 -0.1580515 -0.0653508
: 0.2666667 0.0702744 -0.1531055 -0.0828879
5 0.3000000 0.0819758 -  -0.1472167  =-0.1035362
0.3333333 0.0945419 -0.1401432 -0.1277860
0.3666667 0.1080759 . -0.1316099 -0.1561994
0.4000000 0.1227026 =0.1213056 -0.1894201
0.43333373 0.1385709  -0.1088809  -0.2281843
- 0.4666667 0.1558595 -0.0939453 -0.2733334
S 0.5000000 0.1747814 .  =0.0760657 -  -0.3258274
e 0.5333333 0.1955902 - —0.0547635 - =0.3867597
£ 0.5666667 . 0.2185868 =0.0295139 -0.4573733
0.6000000 | 0.2441275 0.0002563 ° ~0.5390762
0.6333333 - 0.2726326 0.0351694 ~-0.6334560
0.,6666667 0.3045963 0,0758985 ~0.7422885
0.7000000 0.3405980 0.1231683 -0.8675328
i 0.7333333 0,3813143. 0.1777588" -1.0112950
0.7666667 0.4275322 0.24050767 —-1.1757184
0.8000000 0.4801626 0.3123190 -1.3627017
e 0.8333333 0.54025427 . 0.39417527  =1.5731757
0.8666667 0.6090055 0.4871627 . =1.8051387
o 0.5000000 0.687T739  0.5925109 =2.0476078"
i 0.9333333 0.7780739 0.7116825 . =2.2575879
0.9666667 0.8815619 0. 8665464  —2.2322696

1.0000000 1.0000000 ~1.0000000 0.




REYNOLDS= 8.0000000 PRANDTL= 0,7500000 DELTA= 0.2500000
"VARIABLE X TAN.VEL. H RAD.VEL. G TEMP.FN. F
0. 0. ) -0.0383998 0.0000000
0.0333333 0.0045954 — —0.0400277T - =0.0024557
- 0.0666667 0.0093743 =~  -0.0422026 -0.0059829
0,1000000 0.0143329  -0.0449625 -0.0109377
0.1333333 0.0194597 —-0.0484269 - -0.0177754
0.1666667 0.0247401 =0.0526147  =0.0270750
o 0.2000000°. - 0,0301595 -0,0576119 ~~0.0395661
L8 0.2333333 0.0356972 - =0.0633879  -0.0561636
j; 0.2666667 0,0413384 -0.0699575 -0.0780056
v 0.3000000 0.0470642 -0.,0771998 ~0.1065011
=i 0.3333333 0.0528701 ~-0.0850114 ~-0.1433823
z 0.3666667  .0.0587551  -0.0931319 ~  -0.1907698
E 0.4000000 0,0647459 -0.1012867 -0.2512436
L 0.4333333 0.0708889 -0.1090220  =0.3279312"
3 0.4666667 0.0772807. -0.1158391 -0.4246031
- 0.5000000 0.0840660 -0.1210409  =0.5457909
e 0.5333333 ° 0.0914765 —0.1238605 ©  —0.6969169
E 0.5666667 0.,0998392 -0.1233206 - —-0.8844523 .
2 0.6000000 . 0.1096284 . =0.1183604 -1.1160924
E i 0.6333333 0.1214883 -0.1077066 =1.4009727
g 0,6666667 0.1363050 -0.0899998 =1.7499060
S 0.7000000 0.1552516 =0.0636641" -2.1756690
™ 0.7333333 0.1798899 -0.0270253 - =2.6932870
0.7666667 0.2122486  0.0218597 =3.3202896
© 0.8000000 0.2549709 f“ 0.0851325 = ' =4,0766351
() 0.8333333 T 03114416 T 0.16544127 =4.9835705
0.8666667 -0.3860093 © 0.2660231 C =6.0584663
0.9000000G 0.4841848 0.3914009 ~ ~7.2945697
K 0.9333333 © 0.6129857 0.5478720  '=8.5703179
0.9666667 0.78121437  0.7454372 =-9,0955217.
1.0000000 . 1.0000000 1.0000000 -0,
P
i -




[
2%
' REYNOLDS=16.0000000 PRANDTL= 0.7500000 DELTA= 0.2500000
£ ‘ : :
_é(ﬁ o . VARTABLE X TANL.VEL. H RADWVEL. G TEMP.FN. F
- 0. . . =0 . 0.1710131 -0.0000000
Te N , 0.0333333 -0.0609480  -0.1612535 0.0145448
= : 0.0666%667 -0,0300235 0.1607975 0.0239766
@ 0.1000000°  =0.0325021  =0.1083190 0.051881%¢
2 0.1333333 -0.0307601 0.1497022 0.0744160
¥ 0.1666667  =0.,0167361  —=0.0351391 _ ~0.1240489
. 0.2000000 -0.0195468 0.1528981 0.1741513
g 0.2333333  =0.001644% 0.0493433 0.2602405
L E 0.2666667 -0.0007960 0.1836236 | 0.3607858
© 0.3000000 0.0183775 0.1427262 0.5100212
R 0.3333333 0.0256465 0.2451045 0.6963314
E 0.3666667 0.0470746 0.246757L  0.9526884
i - 0,4000000 0.0619071 0.3322138 1.2787184
O -0.4333333 0.0875770 0.3586303 1.7081647
3 0.4666667 0.1106353 0.4311423 2.2507714
o -~ 0.5000000 0.1421572 0.4638262 2.9412673
x 0.5333333 0.1732870 0.5156074 - 3.7941025
: 0.5666667  0.2105616 0.5317581 - 4.8378611
0,6000000 . 0.2474014 0.5447726 6.0751985
0.6333333 0.,2868174  0.5181405 ~  7.5037963
0,6666667 0.3227761 0.4716990 . 9.0728527
0.7000000 0.3554247  0.3837663° 10.6887170
- 0.7333333 0.3786475 0.2745347 12.1583487
0.7666667 0.3914469 0. 1410714 — 13.1789408
0.8000000 0.3898921 0.0168544 13.2652986
{ 0.8333333 T0.37774227 T =0.0784061  11.7477704
B 0.8666667 0.3622560 -0.0956562 . T7.7325736
0.9000000 0.3668616 =0.0105707  0.2955857
. 0.9333333 0.4289846 0.2089575 11.0483030
0.9666667 0.6141450" —  0.5308010 - 23.3570540
1.0000000 . 1.0000000 1.0000000 - 0.




0.4666667

0.5000000
0.5333333

0.6000000

0.5666667  0.6119205

0.63333337
0.6666667 -

0.5180864
0.5498011
0.5810625

0.6424%255
06726283
0.7025805

0.7000000
0.7333333

0.7666667
0.8000000

- 0.8333333
0.8666667

0.7619420

T T0.7914570

0.8209327

0.8799830

0.2367860
0.27423172
0.3134621
5 0.3543946  =0.0073432
" 0.3969430.
T 0.4410198
02580 0.4865359
0.73233472 0.5334004
0.5815207
0.63080237 =0.0108725
. 0.6811493 - =0.0114802
0.8504233 0.7324638
0.78464561

0.9000660
0.9333333

0.9666667

" 1.0000000 -

0. 9056664
0.9395281

0.9696216

1.0000000

0. 8375956 . -
0.8912086 _
0.9453817

1
SN
. S - 62
REYNQOLDS= 0.2500000 PRANDTL= 0.7500000 DELTA= 1.0000000

& VARIABLE X TAN.VEL. H " RAD.VEL. G TEMP.FN. F

.3 0. . 0. -0.0566653 -0.

f{f“ 0.0333333 0.0425620 ~0. 0521650 0. 0003568

3 0.0666667 0.0848344 -0.0448640 -0.0007188

A —0.1000000 0.1256590 . -0.0348257  =0.0010870 -
BE 0.1333333 0.1654781 -0.0221148 -0.0014621 -
g 0.1666667 0.2043348 7  =0.0067973 =0.0018450

_; 0.2000000 062422724 0.0110596 7~ =0.0022365

2 0.2333333 0.2793349 0.0313871 -=0.0026375
L2 0.2666667 " 0.3155669 0.0541152 -0.0030488

& 0.3000000 0.3510135 0.0791723 =0.0034712

- 0.3333333 0.3857205 0.1064855 —0..0039057

= Do FEEEETT DL NG TILD @. 1353505 3. EET57E
53 0.4000000 0.4531013 0.1675806 -0.0048137
S 0.4333333 0,4858694 0.2012089 =-0.0052887

5 -0.0057786

TTTT=0.0062841
-0.0068055

-0.0078972

T ~0.0084672
- =0.0090523

. —~0.0096507

. -0.0102593-

T -0.0120639
-0.0125856

-0.0129587
-0.0129403

~0.0115543

1.0000000 - =0.




& 63
. REYNOLDS= 0.,5000000 PRANDTL= 0.7500000 DELTA= 1.0000000
£ S ‘ L
" VARIABLE X TAN.VEL. H . RAD.VEL. G TEMP.FN. F
0. 0. -0.0954527 -0.
0.0333333 0.0375874 =0.0901814  =0.0012097
0.0666667 0.0744716 -0.0823475 -0.0024525
0.1000000 0.1106894 =0.0719809  =0.0037317
0.1333333 0.1462787 -0.0591137 - -0.0050507
T 0.1666667 . 0.18127837 —=0.0437790 _ =0.0064129
0.2000000 0.2157280 - =0.0260120 " -0.0078218
0.2333333 0.2496686 T =0.0058496 -  —0.0092809
0.2666667 0.2831421 0.0166692 -0.0107937
0.3000000 0.3161913 0. 0415038 —-0.0123639
0.3333333 " 0.3488604 0.0686111 -0.0139951
0.3666667 0.381194¢ 0.0979459 =0.0156906
0.4000000 0.4132396 0.1294608 -0.0174542
0.4333333 0.4450435 0.1631061  =0.0192890
0.4666667 0.4766546 0.1988293 -0.0211983
0.5000000 0.5081272% 0.2365756 -0.0231851
0.5333333 0.5394979 0.2762877 -0.0252518
0.5666667 - 0.5708330 0.3179052  — =0.0274004
0.6000000 " 0.6021809 0.3613654 -0.0296318
0.6333333  0.6335656 0.4066025 - =0.0319456
0.6666667 0.6651327 0.4535479 ' -0.0343393
. 0.7000000  0.696848% 0.5021303 . =0.0388071
e 0.7333333 0.7288000 0.5522755 -0.0393373
0.7666667  0.7610459 .  0.6035066 =0.0419092
0.8000000 0.7936451 0.6569439 -0.0444840
o T0.8333333 T 0.82665737  0.7113056 =0.0469888
0.8666667 0.8601425 0.7669074 -0.0492743
_ 0.9000000 0.8941608 0. 8236641 —-0.0509959
L 0.9333333 0.9287718 0.8814883 -0.0511842
0.9666667. 0.9640329 0.9402964 =0.0459351
1.0000000 1.0000000 1.0000000 ~-0.




REYNOLDS= 1.0000000 PRANDTL= 0.7500000 DELTA= 1.0000000

VARIABLE X TANSVEL. H RAD.VEL. G TEMP.FN. F
0. . . o. -0.1349516 ~0.
00333338 T 0 0290425 T TR0V I315633 T F0, 0034653
0.0666667 0.0578539 -0.1258625 ~0.0071136
01000000 0. 0884739 =0, 1178297 =0.0105595
0.1333333 0.1149444  -0.1074459 - =0.0150184
0.1666667  0.1433094 =0.0946933 —=0.0193061"
- 0.2000000 0.1716152  =-0,0795552  ~-=0.0238390
39 0.2333333 0.1999104  ~ —0.0620163"  =0.0286340
2 0.2666667 0.2282461 ~0.0420632 . —0.0337088
S 0.3000000 0.2566758 =0.0196842 — =0.0390812
. 0.3333333 0.2852558 0.0051301 -0.0447698
H 0.3666667 0.3140450  0.0323869  =-0.0507934
§ 0,4000000 0.3431052 0.0620902  =0.0571713
3 0.4333333 0.3725009 0,0942417 —~ =0.0639227
: 0.4666667 0.4022997 0.1288394 . —0.0710667
. 025000660 0. 4325720 0U1658783 T =0.07862272
P 0.5333333 0.4633914 0.2053494 - —0.08656070
E 0.5666667 0.4948344 0.2672403 —=0.0950372
: 0.6000000 0.5269807 0.2915343 -0.1039264
z L 0.6333333 7 0.5599127 T 0.3382111 -0.1132832
5 0.6666667 0.5937162 0.3872461 -0.1231093
_ T 0.7000000° | 0.628479% 0.4386109  -0.133393%6
- 0.7333333 0.6642934  0,49522733 -0,1441049
0.7666667  0.7012514 0.5481981 =0.1551750
0.8000000 0.7394487  -0.6063471 -0.1664682
- 0.8333333 - 0.7789818 0.,66668137 =0 L7773
0.8666667 0.8199477 - 0.7291609 . -0.1883371
, 0.9000000 — 0.8624424 0.7937508 —=0.1969919
- 0.9333333 0.9065592 0.8604208  =0.1998339
0.9666667 . 0.9523852 0.9291629 - — =0.1812748
"1.0000000 1.0000000 1.0000000  ~0. . '




65
o REYNOLDS= 2.0000000 PRANDTL= 0.7500000 DELTA= 1.0000000
O ‘ N -
VARIABLE X TAN.VEL. H .RAD.VEL. G TEMP.FN. F
0. 0. -0.1343016 R :
0.0333333 O HTeATIA T TTEOUI3 79535 =0.0070856 T
0.0666667 0.0369911 -0,1397936 -0.0149122 .
051000000 0. 0556079 =0, 1397233 S0.023552%
0.1333333 0.0743766 =0.1376394 -0.0330839
0.1666667 0. 0933574 TE0L 13343467 200435897
0.2000000 0.1126171 -0.12699832 - -0,0551581
0.2333333 0.1322291 7 =0.1182166  —0.0678837
0.2666667 0.1522748 -0.1069728 -0.0818666
0.3000000 0. 1728431 =0.0931484  =0.0972138
0.3333333 - 0.1940317 -0.0766233 | -0.1140383
T0.3666667 0. 2159477 =0.0572764  =0-.1324601
0.4000000 0.2387080 ~-0.0349868 -0.1526058
0.4333333 7 0.26244017  =0.0096337  =~0.1746086
0.4666667 0.2872826 0.0189021 ~-0.1986084
05000000 0.3133863 0.0507383  =0.2247506
i:"? 0,5333333 0.3409143 0.0859898 ~-0.2531859
0.5666667 " 0.3700430 01247688 T 02840674
Z 0.6000000 0.4009625 0.1671839 -0.3175485
2 0.6333333 7 T0.4338774 0.2133407 . =0.3537766
9 0.6666667 0.4690066 0.2633410 —0.3928841
| TOU7000000 050658437 0.3172848 7 ~0.4349718
_ 0.7333333 - 0.5468596 0.3752699 -0.4800785
0.7666667 T 0.5900958 04373964 =0.5281232"
ﬁ 0.8000000 -0.6365704 0.5037675 .+ ~0.5787867
T 008333333 T 0.68657307 T T 057449847 =0.6312508
f 0.8666667 0.7404030 0.6497204 -0.6835511
; 6290006000 TIE3E4T 07296002 =0T 7307059
e 0.9333333 0.8607615 0.8143540 -0.7578709
0.9666667  0.9278829 T 0.9043092 7 =0.T033179
; 1.0000000 1.0000000 -.1.0000000 -0.




0.9666667 .

0.8775509

0.8508652

1.0000000

REYNOLDS= 4.0000000 PRANDTL= 0.7500000 DELTA= 1,0000000
- VARIABLE X TAN.VEL. H RAD.VEL. G TEMP.FN. F
3 : ' 0. 0. -0.0691357 - 0.
R 0.033333% T 0.0101910 — =0.0783274 -0.0077306
2 0.0666667 0.0203679  =0.0871216 -0.0170953
@ , 0.1000000 0.0305501 7 =0.0953920 = =0.02836%%
E 0.1333333 0.0407665 -0.,1029923 -0.0418428
i 0.1666667 0.0510527  -—0.1097524 _ ~=0.0578732
= 0.2000000 0.0614563 -0.1154799 © ~0.0768403
RS 0.2333333 0.0720365 -0.1169568 =0.0991753
3 0.2666667 0.0828680 —0.1229416 ~ =0.1253604
O 0.3000000 0.06404272 Z0.1241655 =0.1559340
s 0.3333333 - 0.1056719 ~0.1233362 ~0.1914961
E 0.3666667 0.1178932 =0.1201341  — =0.2327149
§ 0.4000000 0.1308701 -0.1142165 . -0.2803327
2 G 0.4333333 0.1447987 _  =0.1052148 =0.3351731
3 0.4666667 0.1599120 -0.0927393 -0.3981488
0.5000000°  0.1764850  =0.0763767  —0.4702687
P 0.5333333" 0.1948413 -0.0556956 = —=0.5526459
3 0.5666667 . 0.2153586 =0.0302435 ~  —0.6465053
2 0.,6000000 0.2384771 0.0004480 —-0.7531882
R 0.6333333 7 0,26470617 - 0.0368672 - -0.8741546
¢ 006666667 0.2946337 0.0795189 -1.0109756
0.7000000 037289342 0.12689328 -~ -1.1653071
L 0.7333333 0.3683793 0.1856641 -1.2388253
0.7666667 0.4138457 0.2503120  =1.35330728
0.8000000 0.4663265 0.3235305 -1.7491020
» 0.8333333 T 0.5269375 . 0.4060669  -1.9866067
0.8666667 0.5969261 ~ 0.4987961 | =2.2416153
$.9000000 0.6776700 0.6028086  =2.4994806
0.9333333 0.7706755 0.7195050 - =2.7083176

T=2.6319687 '_

—OQ

1.0000000

 1.0000000




———— SN SO

67
REYNOLDS= 8.0000000 PRANDTL= 0.7500000 DELTA= 1.0000000
‘i£~ VARTIABLE X TANLVEL. H RAD.VEL. G TEMP.FN. F
0. 0. -0.0128758 0.0000000 .
2 0.0333333 0.0054665  =0.0175670  —=0.0032897
. 0.0666667 - 0.0109777 ~0.0229795 -0.0080085
9 0.1000000 0.0165304 —0.0289829 ~ -0.0146150
0.1333333 0.0221024 -0.0357845 =0.0236750
0.1666667 0.0276714  ~ -0.0432588 _ -0.0358913
p 0.2000000 0.0332226 _ =0.0515252  ~=0.0521234
8 0.2333333 0.0387280°  =0.0604224  =0.0734252
e 0.2666667 0.0441802 -0.0699601 -0.1010747
> 0.3000000 0.0495593 -0.0798973 =0.1366222
R 0.3333333 0.0548755 -0.0901029 ~0.1819324
g 0.3666667 . 0.0601360°  =0.1002101 —0.2392466
0.4000000 0.0653910 ~0.1099111  —0.3112406
N 0.4333333 T0.0707064  —=0.1186686 -0.4011042
3 0.46566667 0.0762122 ~0.1259651 - —=0.5126197
o 0.5000000 0.0820845  -0.1310581  —=0.6502651
: 10.5333333 0.0885986 -0.1331988 ~0.8193193
& - 0.5666667 0,0961233 =0.1314217 — -1.0259997
0.6000000  0,1051834 ~0.1247456  —1.2776059
: 0.6333333 7 TT0.1164693  -0.1119838  -1.5827098
2 0.6666667 0.1309163: -0.0919330 -1.951358%6
€.7000000 0.1497355  =-0.0631823  -2.3953389
- 0.7333333 0.1745195 -0.0242808 —-2.9284389
0.7666667  0.2073041 ~  0.0265058 =3.5667101
0.8000000 0.2507187 0.0910888 —4.3284169
B ~0.8333333 0.3080941 0.1719646 =5.2329943
0.8666667 0.3836902 " 0.2722669  —~6.2960231
0.9000000  0.4828779 03965998 - =7.5092376
L 0.9333333 0.6125118 0.5514436 ~8.7497778
0.9666667 0.7812080 . 0.7472491 =9.2236669
, . 1.0000000 1.0000000 1.0000000 -  =0.




S
. 68
- REYNOLDS=16.0000000 PRANDTL= 0.7500000 DELTA= 1.0000000

- VARIABLE X TAN.VEL. H RAD.VEL. G TEMP.FN. F
0. .. - =0. - 0.0167844 0.0000000
0.0333333  =0.0022382 " -0.0119048" T T0.0064109
0.0666667 0.0021061 0.0152167 0.0122162
0.1000000 0.0044784 0.0034739 0.022013%
0.1333333 0.0074947 0.02:09091 0.0332399
T 0.1666667 0.01137627 T~ 0.0185255 _  0.0491220
0,2000000 0,0149110 ' 0.0318877 ~~ 0.0686526
0.2333333 0.0197277° 0.0350857 . 0.0944808
0.2666667 0.0243803 0,0469844 0.1267120
0.3000000  0.0302554  0.0535024 0.1678444
0.3333333 0.0363262  0.0646685 0.2187633
0.3666667 0.0435333 0.0724585 ~  0.2818571
0.4000000 0.0512226 0.0820334 0.3582071
0.4333333 . 0.0599630 . - 0.0884006 0.4494289
0.4666667  0.0693024 0.0939055 0.5553227
~0.5000000 0.,0795C029 ~ ~ 0.0950417 0.6745493
0.5333333 0.0901472 0.0925565 0.8020075
0.5666667  0.1012068 0.0838722  0.9280242.
0.6000000 0.1121769 0.0692358 1.0345038
0.6333333 0,12277537 - 0.0473665  1.0918272
0.6666667 0.1324428 ' 0.0195334 1.0524679
0.7000000 0.1409201  -0.0128868  0.8444073
> 0.7333333 0.1481156 ~0.0454595 0.3608596
0.7666667 - C.1548564 =0,0721815  =0.5503926
0,8000000 0.1633327 - —-0.0834996 -2,1004301
- 0.8333333 0.1784881 =0.0679473  =4.5687614
0.8666667 ~ 0.2095252 -0.0114915 -8,3036028
0.9000000  0.2726560 0.1001390 13.6718611
o 0.9333333 0.3943737  0.2832050 . 20.7848344
0.9666667 . - 0.6163363 0.5612898°  27.5436265
: 1,0000000 1,0000000 1.0000000 . 0. %




[A
S  REYNOLDS=. 0.2500000 PRANDTL= 0.7500000 DELTA= 4.0000000
CE Y VARTIABLE X TAN.VEL. H RAD.VEL. G TEMP.FN. F
3 0. 0. ~0.0416905 =0.
W 0.03333373 0. 0413825 =0.703951537  T=0.0010500
K 0.0666667 0.0816575 =0.0344003 -0.0021154
@ 0.1000000 0.1208729  =0.0263766 -0.0031985
Z © 0.1333333 0.1590788 ~-0.0154829 ~0.0043016
5 0.1666667 0.1963271 —0.0017650 7 T-0.0054268
T 0.2000000 0.2326717 0.0147241 "~0.0065760
S 0.2333333 0.2681684  0.0339245  =0.0077512
ki 0.2666667 - 0.3028750 . 0.0557695 ~0.,0089540
< 0.3000000 0.3368509  0.0801859  =-0.0101lg61
1 0.3333333 0.3701571 0.1070941  —-0.0114489
E 0.3666667 . 0.4028564 01364083~ =0.0127435
ki 0.4000000 0.4350129 0.1680367 -0.0140709
e 0.4333333°  0.4666925 0.2018817  -0.0154319
E 0.4666667 0.4975620 0.2378402 -0.0168267 .
j - 0.5000000 C.5288897 —  0.2758037 - -0.0182553
M 0,5333333 0.5595450 0.3156587 -0.0197170
* ' 0.5666667  0.58999827  0.3572857  =0.0212106
g 0.6000000 0.6203204 0.4005651 . —=0.0227338
S 0.6333333 0.6505836 0.4453668°  -0.0242832
: 0.6666667  0.6808601 0.4915612 -0,0258533
0.7000000 0.71122267 0.5390144  —0.027436%
0.7333333 0.,7417436 0.5875897 -0.0290200
0.7666667 0.7724956 0,63 71484 —=0.0305852
- 0,8000000 0.8035502 0.6875505 =~ =-0.0321005
¥ 0.8333333 0.8349780 0.7386556" =0.0335105
0.8666667 0.8668478 0.7903242 -0,0347083
0.9000000 0.8992259 0.8424194 =0.0354563
- 0.9333333 0.9321744 " 0.8948094 -0.0351013
‘ 0.9666667 096574997 0.9473712° —-0.0310473
1.0000000 1.0000000 . 1.0000000 - =0.




REYNOLDS= 0.,5000000 PRANDTL= 0.7500000 DELTA= 4.0000000

S VARIABLE X TAN.VEL. H RAD.VEL. G TEMP.FN. F
Z e 0. -0.0576808 - —0. :
TEG 0.0%333333  0.0860847 . —-0.0581227 TE0V00297239
E 0.0666667 0.0713380 ~-0.0555657 -0.0059275
@ 0.Y000000 0.T0581186  —0.0499949 =0.0090180
ks 0,1333333  0.1395608 -0.0414102 ,=0.0122021
0.166666T7  0.1726442 . =0.0298245  -0.0154862
- 0.2000C00 0.2051238 -0.0152636 ~- -0.0188760
g 0.2333333 0.2370644 0.0022350° - =-0.0223770
= 0.2666667 0.2685336 0.0226222 -0.0259940
O 0.3000000 0.2996C18 0.0458384 -0.0297313
2 0.3333333 0.3303419 0.0718138 -~ —0.0335926
0.3666667 0.3608289 0.1004690  =0.0375806
g 0.4000000 0.3911402 0.1317155 ~0.0416976
0.4333333 C.4213548" 0.1654563 | =0.0459445
'3 0.4666667 0.4515536 0.2015864 -0,0503215
o 0.500000C  ~ 0.4818188 0.2399934 .~ -0.054826%8
FES 0.5333333 0.5122340 0.2805581 .  =0.0594575
z 0.5666667 - 0.5428835 0.3231554  —-0.0642078
2  0,6000000 . 0.5738522 0.3676544 -0.0690693
e 0.6333333 0.6052255 - 0.4139199  '=0.074029%
g 0.6666667 ~ 0.6370885 0.4618130 -0.0790702
0.7000000 0.6695256 0.5111920 Z0.0841643
e 0.7333333 0.7026203 0.5619140 -0.0892719
0.7665667 . 0.7364541 = 0.6138360 . -0.0943313
0.8000000 0.7711061 0.6668168 ~0.0992419
0.8333333  0.8066521 . ~  0.7207190 ~ ~-0.1038290 "
0.8666667 0.8431628 0.7754121 -0.1077563
0.,9000000 0.8807031 0.830775% -0.1102800
o 0.9333333 0.9193290 0.8867062 -0.1093575"
o 0.9666667 0.9590849  0.9431236¢  =-0.0968765
1.0000000 - 1.0000000 1.0000000 -0.
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REYNDOLDS= 1.C000000 PRANDTL= 0.7500000 DELTA¥ 4.0000000

TAN.VEL. H RAD.VEL. G

0.3666667  0.2973913° — 0.0383014  =0.0946285

VARIABLE X TEMP.FN, F
0. ‘ 0. -0.0637998 -0.
T0.0333333TT T T0,02867087  TT=0.0708114 T =0, 0065524
0.0666667 0.0567870 —=0.0746915 ~-0.0134496
0.1000000 0.08441337 =0.0753542  -0.0207159
0.1333333 0.1116202 ~-0.0727389 -0.0283741
0.1666667 0.1384844  ~0.0668075  =0.0364460
0.2000000 - 0.1650876 -0.0575413 ~-0.0449523
0.2333333  0.1915168  ~  -0.0449394  =0.0539122"
0.2666667 0.2178634 -0.0290174 -0.0633439
0.3000000 0.2442238  -0.0098051 =0.0732641
0.3333333 0.2706983 0.0126533 -0.0836878

0,4000000 0.32441C7 0.0670704 -0.1060974
0.4333333  0.3518680  0.0988810 -0.118103%
0.4666667 0.3798776 0.1336435 = —0.1306525
0.5000000 0.4085568  0.1712592°  -0.1437467
0.5333333 0.4380248 0.2116210 ~0.1573839
0.5666667  0.46840317 0.2546150  -0.1715554
0.6000000  ~ 0.4998142  0.3001211 -0.1862448
0.6333333 0.5323816 . 0.3480153  =-0.201424% .

0.6666567 © 0.5662285 0.3981703 -0,2170504
0.7000000 0.6014778 0.4504587 -0.2330552
0.7333333 0.6382502 0.5047542 ~0.2493333
0.7666667 0.6766640 0.56093537 -0.2657163"
0.8000000 0.7168331 0.6188882 -0.2819238
O 0.8333333 0.7588654  0.6785121 =0.2974561
0.8666667  0.8028607 0.7397233  -0.3113363
0.9000000  0.8489079 0.8024651  -=0.3213725
¢ 0.9333333 1 0.8970812 0.8667158 ~0.3214888
0.9665667 0.94743%45 0.9325150°  —0.28738%
1.0000000 1.0000000 1.0000000 . -0.
1
{ !




e 72 ;
REYNOLDS= 2.0000000 PRANDTL= 0.7500000 DELTA= 4.0000000 |
e S - _ :
‘ . . )
e VARIABLE X TAN.VEL. H RAD.VEL. G - 'TEMP.FN. F K
'3 0. 0. -0.0497376 0.
YE 0 BE3EE T OO 196804 TR0 0651 764 TR0 0104945
s 0.0666667 - 0.0389753 -0.0779895 ~0.0220829
s, 0.1000000 0.0579558 =0.0879754  <0.03486715
3 0.1333333 0.0767029 ~0.0549664 -0.0489270
£ 0.16566667 0.0953083  =0.0988182 =0.0643772
: 0.2000000 0.1138736 ~0.0994062 ~- —-0.0813114
5 0.23233333 0.1325107  =0.0966207  <0.6%998305
E 0.2666667 0.1513417 -0.0903672 = —0.1200377
< 0.3000000 0.1704994  =0.0805627  =0.1420373
P 0.3333333 .1901272 ~0.0671372 ~0.1659358
z 0.3666667 0.2103793 ~0.0500316 =0.1918407"
E 0.4000000. 0.2314215 -0.0291988 -0.2198609
850 T 0.4333333 7 0.2534306  =0.0045018 T =0.2501053
3 0.4666667 0.2765953 0.0237848 - -0.2826824
B 0.5000000 0.3011158 0.0559770°  -0.3176985
e 0.5333333 0.3272045 0.0919806 -0.3552561
L 0.5666667  0.3550853 = 0.1317937  =0.3954503
z o 0.6000000 0.3849938 0.1754064 ~0.4383646
s 0.6333333 0N EIT1T72T 0 C.2228047 -0.4840628
8 0.6666667 0.4518935 0.2739712 -0,5325770
0.70060000 0.4894108  0.3288910° ~ =-0.5838863
s 0.7333333 0.5300067 - 0.3875536 -0.6378791
0.7666667 0.5739661 0.4699624  =0.69428721
0.8000000 0.6215799 0.5161385 ~-0.7525165
r 0.8333333 0.6731414 . 0.5861367  T=0.8113823 "
0.8666667 0.7289435 0.6600528 -0.8682792
0.9000006 0.7892714 0.7380835 —=0.916955%
- 1 0.9333333 0.8543976 0. 8203904 ~0.9392819
0.9666667 0.9245667 0.9074847 - =0.8607799
1.0000000° -  1.0000000 1.0000000 . =0.. -
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L 73
- REYNOLDS= 4.0000000 PRANDTL= 0.7500000 DELTA= 4.0000000
SN VARIABLE X TAN.VEL. H RAD.VEL. G TEMP.FN. F
3 0. ‘ 0. - -0.0215815 C. :
e 0.0333333 TG 0L T4089 TS0 03 734587 T R070096490 -
& 0.0666667 0.0225398 -0.0524196 -0,0213309

® 0. 1000000 0.0334190 —0.0665685  ~0.0353592

3 0.1333333 0.0440843 -0.0795792 -0.0520754

E 0.16666567 0.0545849 —0.0912300 ~ -0.0718538

b  0.2000000 0.0649842 -0.1012955 ~- ~0.0951054

? - 0.2333333 0.0753600  ~ -0.1095328 ~ =0.1222824
£ 0.2666667 0.0858080 . -0.1156888  =0,1538813
S 0.3000000 0.0964431 =0.1194901  -0.1904481
= 0.3333333 0.1074035 -0.1206523 '=0.2325821
i 0.3666667  0.1188527 =0.1188714 — =0.2809406
£ 0.4000000 0.1309841 -0.1138332 = =0.3362441

e T0.4333333° 0. 1440239 -=0.1052063 ~-0.3992813

3 0.4666667 0.1582371 - =0.0926514 " ~0.4709147

P 0.5000000 0.1739304 -0.0758148  =0.5520860 .

- 0.5333333 0.1914597 ' ~0.0543376 ~0.6438217

s 0.5666657 . 0.2112337 =0.0278476  =0.7472378

oz 0.6000000 . 0.2337225 0.0040317 -0.8635428

o 0.6333333 0.2594621 0. 0616927 | =0.9940363

i 0.6666667 0.2890639 0,0855370 ~-1.1400986

0.7000000 ~  0.3232202 0, 1359937 -1.3031622
. 0.7333333 0.3627145 0.1935184 -1.4846418
0.7666667 0.4084269  ~  0.2586239  =1.6857750
0. 8000000 0.4613449 0.3318%904 ~ =1.9072528
) 0.8333333 0.5225674 T T0.4140211 T T=2.1483214
' 0.8666667 0.5933142 0,5058725" ~2.4043948
0.9000000 0.6749226 0.6085662"  =2.6597890
_ 0.9333333 © 0.7688515 0.7235657 ~-2.8601571
0.9666667 . 0.8766549 (0.8529858 - —-2.7598158

1.0000000 1.0000000 1.0000000 -0.

|« /




£
L REYNOLDS= 8.0000000 PRANDTL= 0.7500000 DELTA= 4.0000000
L ' ’ . : . o
1§£ﬁ VARIABLE X TAN.VEL. H RAD.VEL. G " TEMP.FN. F .
3 0. __=0. -0, 0038760 C -0, o
e T0.0333333 0. 0057413“““f“—o DL0L1907TTTTTTZO. 0039404
£ " 0.0666667 0.0114447 =0.0172930 -0.0095602
@ 0.1000000  0.0171227 ~0.0249287 T =0.0173757
"l 0.1333333 0.0227481 -0.0333729 -0.0279932
3 0.1666667 . 0.0282695 - —0.04&423626 - =0.0421640
S 0.2000000 0.0337678 -0.052069% T -0.,0607902
Y 0.2333333 0.0391244% =0.0622548 -« «0.0849709 .
= 0.2666667 0.0443712 - -0.0729452 -0.1160241
S 0.3000000 0.0494901 —-0.0838%471  -0.1555383
T 0.3333333 0.0545026 -0.0948309 -0,2054075
E 0.3666667  0.0594218 -0.1054915 ~—  —0.2678937
¥ 0.4000000 0.0643117 -0.1155196 -0.3456776
) 0.4333333 0.06924837 =0.1243537  =0.4419354
3 0.45666667 0.0743784 _  -0.1314818 ~0.5604088
: 0.5000000  0.0798923  -0.1361558  =0.705502%
i 0.5333333 0.0860846 ~0.1376498 ~0.8823799
L 0.5666667 . 0.0933412  =0.1350182  ~ =1.0970917
L 0.6000000 0.1022069 -0.1273283 -1.3567091
z 0+6333333 TP 1133886 —0.1134436 - —1.6695053
2 0.6666667 0.1278380 -0.0922382 -2.0451486
3 0.7000000 0.1467758  =0.0623783  —2.4949635
/ 0.7333333 0.1717997 -0.0225095 -3.0321921
0.7666667 . 0.2049387 - 0.0290197 — =3.6722720
0.8000000 0.2488049 0.0940371 -4.,4328133
‘ 0.8333333 0.3066941 0.1749982 | =5.3326221
- 0.8666667 0.3828174 0.2750243 -6.3867708
0.9000000 0. 4824771 0.3987899 _ ~7.5867727
. 0.9333333 0.6124553 0.5528837 -8,8099587
~ 0.9665667  0.7812936 T 0.7479595 =9.2625293
1.0000000 1.0000000 1.0000000 0.
-, s ! o
S
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L REYNOLDS=16.0000000 PRANDTL= 0.7500000 DELTA= 4.0000000
¥ ” -
VARTABLE X TANJLVEL. H. 'RAD.VEL. G TEMP.FN, F
B 0. - -0, 0.0033411 ~0.
3 0.03333337 7T 0L00I7025 0000094357 0.0058432
£ 0.0666667 0.0044742 0.0080294 0.0126814
2 0.100000C -~ 0.0072166  (C.0108115 0.0219341
3 0.1333333 0.0103225 0.0173098 © 0.0336700
E 0.1666667 0.0138188 0.0224634 _ 0.0488942
0.2000000 0.0176519 ~ 0.0297045 0.0682430
53N 0.23333337  0.0220189 0.03667111  ~— 0.0928776
0.2666667 0.0268440 0.0447844% 0.1238580
0.3000000 0.0323066 0.0528329 - 0.1625962
0.3333333 0.0383685 0.0613798 0.2104413
0.3666567 0.0451578 T 0.0693789 0.2688553
0.4000000 0.0526485 0.0767843 0.3389822
¢ 0.4333333 0.0608966  0.0825410 . 0.4214937
3 0.4666667 0.0698349 ~ 0.0860760 0.5158811
- 0.5000000-  0.0794076 T 0.086201% 0.6197276
< 0.5333333 0.0894376 0.0820313 0.7272963 w
0.5666667 0.0997062  0.0724500° —  0.8277143
z 0.6000000 ~ 0.1098766 0.0568120 0.9021345
i 0.6333333 7 0.1195708  0.0348337  0.9199537
0.6666667 0.1283810 0.0072878 0.8334681
' 0.7000000  ~ 0.1360362 . =0.0237789 0.5709621 -
. 0.7333333 0.1426161 -0.0543393 0.0277630
0.7666667  0.1490062 -0.0781127  =0.9443510
0.8000000 0.1575804 -0.0861958 = =2.5487849
_____ 0.8333333 T0.17333240 7 =0.0673622°  =5.0536527
0.86666567 0.2055445 -0, 0086064 -8.7905788
0.9000000 0.2702379 0.1039588  14.1081641
L 0.9333333 0.3935957 0.2860143 21.1025918
' 0.9666667  0.6165559  0.5625949  27.6920173
1.0000000 1.0000000 ~1.0000000 0.
2 /
L4
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L REYNOLDS= 0.2500000 PRANDTL= 0.7500000 DELTA=16.0000000
- VARIABLE X CTAN.VEL. H RAD.VEL. G TEMP.FN. F E
0. 0. -0.0210828 - -0,
003333 TTTTTTTT0T0389061TTTTE0.02233917 T =0.0021237
0.0666667 - 0.0766835 -0.0203560 -0.0042783
0., 1000000 0. 1133944 =0.0150637 = =0.0064674
0.1333333 0.1491051 -0.0064387 —-0.0086940
0. 1666667 0.1838919 . T 0.0055050 _ =C.0109603
0.2000000 0.2178288 0.0207218 . ~ ~=0.0132679
0.2333333  0.2509978 , .  0.0391398  —=0.0156178
0.2666667 ' 0.2834826 0.0606643 -0.0180102
0.3000000" 0.3153697 . 0.0851819 -0.0204449
0.3333333 0.3467472 0.1125623 -0.0229210
0.3666667 0.3777049 — 7 0.1426816  <0.02%54368
0.4000000 ' 0.4083334 © 0.1753243 - =0,0279501
0.4333333 0.4387241 0.2103847  — =0.0305778
0.4666667 0.4689681 0.2476696 - =0.0331959
0.5000000 0.4991566 0. 2869991~ -0.0358395
0.5333333 0.5293797 0.3281887 - -0.0385023
0.5666667  0.55972637 - 0.3710508 | -0.0411768
0.6000000 . 0.5902836 0.4153957 -0.0438534
06333333 T 0L, 6211367 " T0,46710345  =0.0465202
0.6666667 " 0.6523676 0.5077792 . =0.0491618
0.7000000 0.6840552 7 0.5554450  =0.0517579
e 0.7333333 0.7162742 0.60385238 ~0.0542809
0.7666667 0.7490944 - 0.6528298  -=0.0566907
0.8000000 . 0.7825800 0.7022134 -0.0589261
0.8333333  0.8167885 - 0.7518%22 7 =0.0608849
0.8656667 0.8517690 0.8016114 -0.0623764
0.9000000 0.8875613 -~ 0.8513743  <0.0629875
L 0.9333333 0.9241923 0.9010523 " -0.0615986
0.96656667 0.9616748  0.9505878  -0.0537902
1.0000000 1.0000000 ' 1.0000000 - . -0.
/ i
o
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L REYNOLDS= 0.5000000 PRANDTL= 0.7500000 DELTA=16.0000000
AT .
e VARIABLE X TAN.VEL. H RAD.VEL. G  TEMP,.FN, F
3 . 0. . C. + =0.0235685 ~0.
e T0.03333337 T, 034327970, 02975027 TS0, 004778
2 0.0666667 0.0677040 -0.0323059 -0.0096852
B 0. 1000000 0.1002058 — ~0.031098%8 ~0.0147292
2 0.1333333 0.1319166 -0.0260800 ~-0.0199156
Bl 0.1666667 — 0.16292817  =0.0172615 7 T T=0.0252487T
a 0.2000000 0.1933350 -0.0047016 ~- =0.030728%
R 0.2333333 0.22323737 T 0.0115075 T =0.03563568
£ 0.26666567 0.2527367 0.0312457 -0.0421320
B 0.3000000 0.2819377 0.0543720 <0.0480511
P 0.3333333 0.3109456 0.0807279 ~0.0541099
' 0.3666667  0.3398669 0,1101415  =0.0603024
3 0.4000000 . 0.3688079 0.1424301 -0.0666212
2 0.43333335 .7 T 0.39787497 01774027 . =0.073C569
3 0.4666667 0.4271727 0.2148622 -0.0795980
: 0.5000000 0.4568053  0.25456078 —=0.0862309
S 0.5333333 0.4868741 0.2964364 -0.0929339
H 0.5666667 TTTTTOVE1T4T8E T 0.3401449 T =0.0997019
2 0.6000000 © 0.5487140 0.3855318 -0.1064955
3 0.6333333 T 0.5806731 0 4323993 T T S0.01132897%
o 06666667 0.6134433 0.4805553 -0.1200448
0.7000000° 0.6471071 0.5298154 —0.126711%
o 0.7333333 0.6817409 0.5800053 -0.1332206
0.7666667T 0.7 174143777770.6309633 7  =0.1394738
L 0.8000000 0.7541887 0.6825435 -0.1453199
i TT0.8333333 0 0.7921162 T 0.73461897  T=0.1505061
0.8666667 0.8312384 0.7870857 "=0.1545603
0.9000000 0.8715838 0. 8398684 Z0.1564552
o 0.9333333 0.9131659 0.8929282 -0.1533958
' 0.9666667 . 0.9559800° 579662736 . =0.134320%
1.0000000C .. 1.0000000 1.0000000 = =0.
“:!:‘ e ’\
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L REYNOLDS= 1.0000000 PRANDTL= 0.7500000 ELTA=16.0000000
.
i_ VARIABLE X TAN.VEL. H RAD.VEL. G TEMP.FN., F R
3 0. : O  —0.0217448 -0.
R 0. 6339333  0.0260723 7T =0.0359402777TTTL0,0089308
2 0.0666667 0.0553788 -0.0461512 -0.0183275
B 0.1000000 0.0820170 -0.0521783" =0.0282121
3 0.1333333 . 0.1080909 -0.0539507 -0.03856012
g . 0.1666667 0.13371i51 LUU05146917T T TTT=0.0495076
= 0.2000000 0.1590070 -0.0447835 ~. —=0,0609408
g™ 0.2333333 3.1840909 =0.0339768  =0.0729C73
R 0.26566667 0.2090931 . - =0,0191581 . -0.0854110
G C.3000000 0.2341440 =0.0004552 =0.0984530
= 0.3333333 . 0.2593754 0.0219876 ° -0.1120319
I 0.3666667 T 0.2849218 . T 0.0480143 -0.1261431
g 0.4000000 ~ .0.3109180C C.0774582 -0.1407787
4y 0.43333337 T 0.3375003  0.1101451 .  —0.1559274
z 0.4666667 . 0.3648046 0.1458945 - -0.1715736
; 0.5000000  0.3929666 . 0.1845224  —0.1876966
e 0.5333333 0.42212038 0.2258425 -0.2042699
3 0.5665667  0.4524001 T0.2696687  =0.2212593
2 C.60000C0 0.4839351 0.3158167 -0.2386205
. 0.6333333 7 7TTTT0.5168528  0.3641072 —0.2562959
2 0.66656667 0.5512765 0. 4143674 . =0.2742090
: 0.7000000  0.58732427  0.4664351  =0.2922554
0.7333333 " 0.6251078 0.5201609 -0.3102866
0. 76656667 — 0.6647318 - 0.5754128 —=0.3280820
. 0.8000000 " 0.7062917 ©  0.6320797 -0.3452910
B 0.83333337  0.74987227 7 T0.69007807 -0.3513108
0.8666667 0.7955455 0.74935556 -0.3749872
0.9000000 0.8433679 0. 8099041 -0.383761%
0.9333333 0.8933779 0.8717635 . =0,3805796
0.,96656667  — 0.9455904 . 0.9350546  ~0.3372826
1.0000C00 . 1.0000000 1.0000000 -0.
— 4 v
%




79

REYNOLDS= 2.00000C0 PRANDTL= 0.7500000 DELTA=16,0000000

ey VARIABLE X TAN.VEL. H RAD.VEL. G TEMP-FN. ©

..0-0148608 . O« -
“T0.036349877T-0.0125377 7
—0.0545034 -0.0263736

.On ' . 0' - | ’
el TN 0833338 TTTT0.01994287
2 . 0.0666667 0.0392905

I v e 2 B

v 0. 1000000 0.0581404 — =0.0690487 -
- 0.1333333

, S0L 0415997
0.0765992  =0.0798330 -0.0583033

0.1666667  0.0647867  -0.0867540  _ =0.0765697T

0.1128306 -0.0897436 -0.0964836

0,2000000

0.2666667

0.3000000C
0.3333333

0.3666667
0.4000000

0.76660667
0.8000000

0.856666567

0.9333333

1.0000000
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report. ‘

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.






