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je t .  The effect  of buoyancy upon the motion of the jet wil l  be presented in a
subsequent report.

The calculated velocity and tempera ture  dis t r ibut ions  are in fa i r  to good
agreement wi th  the corresponding experimental  results .  In general , the
calculated results drop off more rap idl y than the experimental  curves in the
inner reg ion and more slowly in the outer region . The calculated jet lengths
are in good agreement wi th  the exper imenta l  values for an unheated je t , but
tend to be greater  than the experimental  results for the heated jet  at large jet
speeds relative to ambient velocity.

The dependence of jet  lengt h , axial velocity, and axial t empera ture  upon
ini t ia l  je t  t empera ture  is obtained for both planar and round jets , and the
results are consistent with those obtained for a submerged noniso thermal  je t .

Unclass i f ied
S E C U R I T Y  C L A S S I F I C A T I O N  OF THIS PAGE1’W?I.,~ 0.1. ~~nl0m0d)

-

~

- ~~~~~~- - 

-



~~~ - . - -~~~~~ -~~~~~~~~~~~~~~~~ -~~~ 

P re f ace

The au thor  would l ike  to thank  Mr . Bruce A . Kunk el for his c r i t ica l  review
and const ruct ive  cr i t i c i sm of the final manuscr ip t .

ACCESSI ON for

NTIS 110

DOC Bu~l Cc- ’ - . ~ 0
UNP,MNOtJNCED

B’f - —-

Dist . MAIL and ~ SPECIAL

IT
3

- ---~~~ -



Con ten ts

1. INTRODUCTION 7

2. JET GEOMETRY 8

3. VELOCITY AND T E M P E R A T U R E  PROFILES

4 . AXIA L DISTRIBUTION OF VELOCITY A N t )  T E M P E R A T U R E  10

4 . 1 Ini t ia l  Section Analysis  for Mass and Momentum 10
4 . 2 Main Section A n a l ys is  for l’i lass and Momentum 13
4 .3  Ti~mpe ra tu r e  A n a l y s i s  for Main Section 15

5. METHOD OF SOI.U TION 11;

6 . MODIFICATIO N OF SuI ,U TION 19

7 . EFFECT OF JET HEAT ING UPON DYNA M IC C I I A R A C T E R I S T I C -’~
OF JET 22

8. RESULT S AN I )  DI~ (’l S-SION 23

9 . S UM M A R Y  A N D  (‘ONC l USION S 2 1~

R E F E R E N C E S  27

LIST OF SYMBOLS 29

I~~~E 
~~“~~~ ‘~~T~~~~~2 D

_ _ _ _ _ _ _ _ _ _ _ _



_ ~~~~---_ _~- - -. --~~ -.- - ,  - . - , -

Il lustrat ions

1. Schematic Representation of Geometry of Counterfiowing Jet and
Velocity and Temperature Profiles 9

2 . Comparison of Calculated Velocity Distr ibutions Along Jet Axis
With Corresponding Exper imenta l  Curves 24

3 . Comparison of Calculated Temperature  Distributions A long
Jet  Axis  With Corresponding Experimental  Curves 25

4 . Comparison of Calculated Jet Length x 2 With Experimental
Result  at Several Values of m 26



r -

~~~~~~~~~~~~~~

__.-

In teract ion of a Turbu lent
P lanar Heated Jet w i th  a

Coun te r f low i ng  Wind

1. I \ ‘Flit ) UI t~TIO\

To aid in the development of an operational w a r m  fog d i spersa l  sy s ten  (WE DS) ,

exper imental  and theoret ical  s tudies have been made of the c h a r a c t e r i s t i c s  of

ground-based heated je ts  for var ious combinat ions  of heat and t h r u s t  under  differ-

ent wind condit ions.  The dynamic cha rac t e r i s t i c s  and t r a j e c t o r i e s  ( I f  b i u , y a n t

heated je ts  in a coflowing wind have been presented in p r e v i ou s  r epor t s .  ~~ ‘~ ‘ ~ In

references 1 and 2, the cha rac te r i s t i c s  of planar and round je t s  were obta ined;  in

reference 3, a method was developed for tak ing  in t o  account  the a t t a c h m e n t  of the

j et  to the ground for a considerable port ion of the jet  t r a j ec to ry  (ground e f f e c t ) .

The dynamic cha rac t e r i s t i c s  of non-buoyant  cof lowing  je ts  are well  known and
were  presented in de ta i l  by Abramovich .  ~ The pr inc i ple problem , the re fo re , in
d e t e r m i n i n g  the  t r a j e c t or y  of a heated coflowing jet  is to properl y evaluate the

(R e c e iv e d  for pub l i ca t i on  26 September 1977)

1. Klein , ?d . I\l . , and Kunkel , B .A .  (197 5)  I n t e r ac t i on  of a Buoyant  Turbu len t
P lanar  Jet W i t h  a Co-Flowing Wind ,  A F C RL - T R- 7 5 - 0 3 6 8 .

2. Klein , Id. Id . . and Kunkel , B . A .  ( 19 7 5 )  I n t e r a c t i o n  of a Bu~~’ant Tu rbu len t
Round Jet  Wi th  a Co-Flowing  Wind , A F C R I , -Tl1 - 7 5 - 0 5 8 1 .

3 . Klein , Id.  Id .  ( l ! 7 7 )  ~~~~ J~~~p e t er m i n in g _t I ~e_ ,l7 pjjjLI f L i f t — O f f  and
Modi f ied  T r aj ec t ory  of a Ground-Based  Hea ted  Turbu len t  P lanar  Jet  in a
ç~~~ - l ~~ 2n W i n d , ~~F GL -TR - 7 7 -0 0 3 3 .

4 . A hr am o v i ch , L . N.  ( 1963)  The Theory of Turbulent  Jets ,  The MIT Press ,
C a m b r i d g e , M~is ~~. , Chaps . 4 and i~.



buoyant force . The s i tua t ion  for the coun te r flowing  le t , as presented b~-

Abramovich , is considerably less s a t i s f a c t o r y  for both theory  and exper iment

because the calculat ions that  must  account  for the reg ions of counter f low are

qui te  specialized and not easily adaptable to the buoyant je t .  Recent ly ,  however ,

a s impl i f i ed  model was presented by Sekundov ° for a coun te r flowing  round jet , and

it can be extended in a s t r a i gh t f o r w a r d  way to take account u f  bu oy ancy and obtain

the  je t  t r a j ec to r i e s . An impor tant  fea ture  of the Sekundov model is the use of a

f i n i t e  wall to help s impl i f y the equat ions of motion . The re~ uIt~ for an open jet

are  then obtained by making  the wall  d i ame te r  a r b i t r a r i l y large .

W’i -ause  Sekundov l imi t s  h imse l f  to the  unhea ted  i n com p r e s s i b l e  je t , the

model mus t  f i r s t  be extended to take account  ( I f  d e n s i t y  v a r i a t i o n . In add i t i on , an

energy equat ion must  be developed t I hel p d e t e r m i n e  the t e m p e r a t u r e  d i s t r ibu t ion

along the jet axis. The e f fec t  of buoyancy U90fl the je t  i - h a i - a r i e i i s t i c s  w i l l  he

presen ted  in a subsequent report . Since the j e t s  in a w a r m  fog d i s p e r s a l  sy s t e m

merge  a s ho r t  d i s t ance  d o w n s t r e a m  of the j e t  nozz les , ~‘ t he  a n a l y s i s  has been

conf ined  to the  plana r case.

2. II- I

A s c h e m at i c  ske tch  of the  f low pa t t e rn  for  a p lana r  je t  in a c o u n t e r f low i n g

wind is s h l l w n  in Fi gure 1. The je t  issues w i t h  a v e l o c i ty  and s t a r t s  m l x i n p

w i t h  the c o u n t e r f l v w i n p  s t l’ f ’ ( a l l l  ( I f  veloc i ty  ua , r e su l t ing  in a boundary  l ay e r  t h a t
grows inward  t o w a  i’d the  i - en t e r  of the je t .  This  region , ca l led  the  in i t i a l  ~o c t i o n ,
t e rmina te s  when the  boundary  lay er  reaches the  cen te r  of the jet . The su r face

w here x is h o r i z o n t a l  position and \‘ the ve r t i ca l  coord ina te , s epa ra tes  the

regions of unper turbed  and perturbed flow in th is  in i t i a l  sect ion .
The veloci ty  p r o f i l e  remains  constant  in the next  i n t e rva l , known as t h e  main

50c 1 ’n. The sur face  y ,1 (x )  separates the reg ion in which  the flow has re ta ined i t s
or ig ina l  d i rec t ion  f rom tha t  in wh ich  the flow has been reversed . Thus , at 

~~
., the

velocity is zero. Analogous LI the sur face  y 1 in the ini t ial  sect ion , the su r f ace
y 1 ( x )  sepa rates the regions of per turbed  and unper turbed O w  for the eppo~ ing
, t i ’Oa i l ’ . The line y3 is , t h e r e f o r e , a s t reamline of the flow .

Becau5e of the c o n s t r i c t i n g  e f fec t  of the  wal ls , the unpe r tu rbed  v e l o c i t y  u in

the main reg ion is  s l i g h t l y greater  than  u n . Experiment  ind ica tes  tha t  the  flow

5 . Sekundov , A. N.  ( 1969)  The propagat ion of a t u r b u l e n t  je t  in an opposing
s t r eam , in Turbulent  Jets  of A i r ,  P lasma,  and Real  Gas, Consu l tan t s
Bureau , New ~~~~~ A Divis ion  of Plenum Pub l i sh ing  Corp. , N . V .  10011.

6 . Kunkel , B .A .  (1 575)  h eat and Thrus t  R e q u i r e m e n t s  of a Therma ~J~~~
Dispe rsal System, A F C R I . - TR - 75- 0 4 7 2 .

8
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- ZONE I 

~~ 
ZONE ~

Figure  1, S c h e m a t i c  R e p r e s e n t a t i o n  of G e o m e t ry  of C o u n t e r f l o w i n g  Jet  and
V e l o c i t y  and J e i rp e ra ~ si -c P rof i les

reg ime  in a c o u n t e r f l l - v i n fi  el can be~ . separa ted  into tw o  zones. In zone I , consist-
ing of ‘he i n i 1i a l  and main  s e c t i o n s , the p ressure  is f a i r ly  cons tant  and the  sur face

y2 i~~i’ ( I S V - ~ at a r o n s t a n t  r : ( t c . In .- one II , the  p ressure  s t a r t s  to r i se  rapidl y, the
s u r f a ce  y ,~ ~ta r ts  f ( I  d ec r e a s e , and the f ina l  r e t a r d a t i o n  of the je t  flow is a t ta ined .
Since at  t h i s  p int t he  a x i a l  ve loc i ty  is comparable  in magn i tude  to the  s t r eam
ye Icc it  v we may f r  r nv ’n ience here  t ake  u as numer ica l l y equal to  u- ‘ ‘ m a

Because  ~f the  l a i - C( ’  p r e s s u r e  r ise  in zone II , the velocity and .ternperature
I I i ~~f r i t l u f  ( I r i s  in t h i s  r e g i m e  I - a n n o t  be a c c u r a t e l y c a l c u l a t e d .  However , s ince these
l n a n 1 l t l ( ’ -. do n l~ d i f f e r  grea t ly f rom t h e i r  f r e e - s t r e a m  values , s imple  in te rpo la t ion

may he used where  r e qu i r e d .

:1. ‘~I . I . I ) l t I  I ~\ I) I I  \II’I It ~II 111 PIU)I-iI I- . —

I - t h I n  np  S t ’k u n d l lv  w e  shall u t i l i z e  a l i n e a r  p rof i l e  for the  t r a n s v e rs e  velocity
d r s t r r h ~it ion  and wil l  ass . i n i - , i n a d d i t io n , tha t  the  t em p c r a t  ir e  profile is a l inear

Sin - t i  In I f  t he  v - I  I~~l t \  prof i l e . ‘l he si-s e of l inea r ’  p rof i les  I - on s id e r ab l v  s i m p l i f i e s
the  a n a lv  i l~~ and s h ou l d , as is u s u a l l y  the  case w i t h  i n t eg r a l  methods , have only
a weak  e l f c i - t  upon the  f inal  I ’ ’ ~n l t - , . I - o r ’  the  reg ion between the  axis and y 2, we
w r i t e  the ve locity  ( n i t  I Ci i i~~I ’ i ’ i I t t i  i t ’  d i s t  r i h u t  oIn .s in t h e  form
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oh- ‘c (I is t he i ( ’i t ~ t~ , , 1 t ta pi’ t- • s u r e , i i i  t b ’  s u b s c r i p t  o refer ’s  I in itial je t

va lues . ~in r e v is a - i t t - e a r  T i n  ( ‘ I I I  to . - f low , t l i t  p i e .-~5 S i i t - , d e n S i 1 \  , and v t ’ l l l c i t \ -

in t h e  - e p i e r S  I l l v y
3 

a i t - relt f - - i l v  the l ornoulli ,- j l i P i I n  for c h a n n e l  fb i’. ,

f li p - 
S 

c b s ’ . ( 8 )

In Pr  I. t e \ t - l I j l t :  ( i t t ( ( I t h e  I - a — o t t ion e q u a t i o n s, Wi w i l l  1,t ’ m t  ( - i - (- ~~i o  d in  I i r e

l i m i t i n g P i r r r  (If tlies t - qu at i o n s  as I r e  w a l l  w i d t h  bc -conie s  large . In t i m e  i ’epa SI

a l i ve V . S typi cal i u t r r t  i t v  t h a t  is , d e n s i t y  . n v  l i t ’  i t - p l a l ’ t ’ I t  Lv e N -  -p t
- 3 ’  - c - - a ’

a her e  t b -  lir r r i t i t i ~ ftsr i n 1 , 
- t  

— ~~~)Ii occur s. \ \ C  n w  511 110 t h a t  l i t ’ onl y l i m i t i n g

I i i ’ m  (lf i - i r l s e p t l e n r t -  is I r a ~ - - - nI . 1 t . . :p  ho velocit y , 1111/ t (tht:’rs I le i n ( ’ n t ’ Ip l l g i b l e.

To e v a l u a t e  the i n t e p t - a l  in Pp . (8 ) , we u t i l i - e t h e  a d i a b a t i c  l a w

P
CI I t i S t  II I )

‘the re ~ i— i t h e  i ’ a t i  ( I I  
~~~

i ’ I  t i 1 - n -rr — - 
\ - i e l - i i i i p
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. ~~~~ 
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the ten spe ra tu  cc di f f e  r en a - c  is

T - T 
= ~a — 

~c - ~~a 
- 

( — 1) ~~a 
- 

~c 1 
( 1 4)

T 1 1a a a a

F i r  a typ ic al cas e, U a 20 in sec imodera te l y high speed jet) , 1
~a = 1 a tm ,

Ta 287 °F, e a 0 . 00123 gm / cm 3
, and ti le c o e f f i c i e n t  on t h e  ri ght side of 151. ( 1 1)

has the value

1 p - (

— —~~ u~ 0 . 00348
-‘ p ~t- a

Th u s, the dens i t y d i f f e r e n ce and , f m ’om Eqs. (12)  and (14) , the  pr e ssure  and
t c - i r r p e r - a t i i m ’ e  d i f h - i - e n i e e  i r e  all smal l  c o m pa r ed  to t h e  e l -  i t \  d i f f e r -n r c .  We

may t h e r e f o r e  r e p lace p~ , and T~, ~~ ~a and T a and w r i t e  the n i l -  - - s u m - c  t i f f - -ence

in the fox’n

a- 
~c ~‘7” (u ’ - u ”) . ( 1  I )

Because I i i
’ t h e v i m b  i r r i l  I I  In  -P a rts -v  ( I f  t he  p r e s su re  in SI ne I , t h e  i i i  i - p  i - i l l s  in

lIps . (Ti) and (7) can, by use of the  pe r fec t  gas law , be eas i l y eva lua ted , I l l - i ’ . I - - or ,

TIC-  P I p a r i t h r l l l c  f o rms  introthiced 1w the in tegra ls  makes I l l  - equal ii ii ~ an -k - - a  i’d t o

handle  in subsequent  anal y s i s .  Since we are i n t e r e s t e d  in smal l  t o  ; l i l l l b e r r l t t  t e i i i  —

pe ra tu re  and d e n s i t \  d i f f e r s - t o t - s  we w i l l , fo r ( - o n v e r n e n r l -  and s imp l i f i c a t i l  I i i ,

utilize an arithmetic mean for the densit y difference and n-rite

1 ‘ 2 C m -r i v t - r a p e  — = a 1 ~~
- —

~~~~~~
- , 0 y - 16)

m — ITt

p 1r ly er a p c -~~~~~~~- - a - -
~~~~

-— - —
~~~~~ , v 1~~~ y~~ v 3 . ( I t )

The m a s s  and m o m e n t u nt , Eqs. 1( i)  and (7 ) , n o w  Ia  St t h e  f o r m

( y. 1 — v , )
p u ~~ - - P~~U~~b - t J a u a 

—
- a - p i i u cb 4 p a u c v .1 = 0 (1 5 )

- (  2 2 
- y. , ) 

~ 1 2 2
p U ” V - P a U a~ ~~ a U a ~~ a p a Cm

~~ 
- 

~~a
11

a~~3 ~~
‘ °a 

(u - u ) b

( 19)

12 
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At this point we take all q u a n t i t i e s  as d i i r  en s i o r i I i - ~ - , t’efe m - i ’ i i m p t o  U I I b I i e i i t

values for d en .s m t ’i , v e l o r m t v , and t m i i h ) ( ’ m ’ t t t i i i ’ C  ar id  to t l i t  W i t h a l  t i  O l l I t h , v , U i

l ength .  The mass and m o m e n t u m  equat io~l5 i t  r a \  SI -iv be w i i  t i - n i  a

— Ya p 1
( S m  — 1)b P (( ifl — 2 

— a + Tho (2 0)

-, a 
1

p f l l  = — — y2o~ + v .1~ — (u — 1)b , 121)

where  n~ is used for  t i re  dimensionht-ss i n i t i a l  je t  \ e l l  i , i t \  , U , tUS d v 9 and
i f l l h l ( t ( t t /  i n i t i a l  t -a lue .s  of 

~~ 
and V 5 . P i i ~~ - t -  V

0 1, [Ij~~ , (20) a i l l i  ( 2 1 )  t i i a ~ - I C -
s o l v e d  for t ire  s m i r k n s i  n n.s y and (u — 1)11 to yield30 c -

a r~ ‘- 1) ( 1 ( 2 2 )

(u 
c 

- 1) l i  I - ill I y 0 ( 1  - ~ ) ~ o 
-

-I - )  - (
= 12 — a ) o nl —~~—- ( : T — a I - ~~ ‘- 1 . ( 2  -:a 0 (I a o I

Ci it

I. ,!  \ I ( l i i  t I i I  I I I  h I  I —,i f,,r Il~ (( t i  ~l i , i i t , ’ i i t t t i i i

The C 1 I O .= ( 1i ’ i ’ i I ’ l l u i i  ‘qi r - t r i t i -, h i m -  I~i ’ i~~( - p i 1 I t i  i l l- I - s e a l  a ty p i c a l  s e r b i l i i i  I .  in ‘1 =
m ain r e p i l l n  at i i .s er t i  i i i  I’ an ’ e

y 9

f  u dv -h b - f  p U - l y  - tm ,~u ( b  - v , )  - 0 ( 2 4 1

> 2f p u 2 
iiv - Il - f It 

2 dy - t I~~u~
( l-  - y

3
) + 

~~ a 
- p~~

)b , (2/i )

> 2



which , a f t e r  use of Eq. ( 15) and in teg ra t ion  of tire p r o f i l e  d i s t r i b u t i o n s, m ay  be
w r i t t e n  as

p 111u n a 1 - - 1) ~~~~- - (u - 1)b N v .1 0 (26)

p~~1U _~L y - - — 1~ f > 2 — (u 2 — 1) ~~‘ N v 9 ( 2 7 )

n-here N > :T y 2 ,  We m ay  u n i t e  Eq. (2 6 )  in tile more  compact  fo rm

4 \ ( i  
~~_~~.

1)] 
v~ -

~~~~ ( 2 8)

wh e re

= (I U a I a ( 2 9 )- to in 1 0

— 1)1’ . (: 10)
C

I se of  Eq. (28)  f om’ o i n 1: 1 1.  ( 2 7 )  > - h ’h d s

N ( i  - ~~~~ ) \ - (N - 1) 
~~m

5t
m 

° l (3 1)

w h i c h  may i t ’  - i - I  v t - - I  for  N in l i i i  f o r m

a 1 a 0 1N 2 - im 3 —  u ‘ 1 . ( 3 2 )
I 

to

ts n c I -  o ha.s i u i ’ t i  , l u t a i m m t ’ i I  f r o m  i t -i \ t ( l i I i  It t l i t ’  m n i t i a l  ~t I ’ i i  i i , I p. ( 2 3 )  i t o h
I —  a ssurn - i l  con - i t a n t  l i i i  I l i l e b i l  l I l t  t h e  main t I t i I S i , i : - ~ -~. (28)  l u l l  ( 1 2 )  1 1 1 - v O l t ’  l i i -

t i  , t u - i t i t r t t ( I n  ( I f  axial v t ’b o c i t ~ - r u t - I  t h e  (‘ ( ( ( ( t I t i t i i ( i l v if  t I n -  I t \ i , l t - t t p ’ - m - : t i i m - i -  T i s- _ i .  rn
k n o w n .  F r o m  r-:qs . (2 3 )  and  ( 2 11 )  v t  t r a ~ IS t m t t -  I l 1 , -  i j I ( i t \  d i s t u - i l - r i t i  i t  in  t l t t  t i t I I i ’ t ’

ex p i i c i t  f o r m

N ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - I . ( 3 3 )



p..- -

I - I  Iem ps .r~t i t t t ~’ ~t t , t I  =t = for ~Iit j i i  t’i ’, ’tj oii

To obtain tire tenmperature distribution in tile main section, w e ca lcu la te  the
t r a n s p( l r t  of e n e r gy  be tween  sect ions  1. and V and obtain , analogous to the trans-
port of mass  in Eq. (24 ) ,

7 siT d y - p u T  d y - u
~~

p
~~

T
~~

(b - y 3) - b . (3 4 )

Expre s s ing  ‘1 in t e r m s  of te m p e r a t u r e  excess over ambient , ~ T = T - 1, and
making use of r i t e  mass  equat ion , we can n- r i te  Eq. (34) in the equiva len t  form

> 3 > 2f ~~U ~1T sl y - f p u ~ T d y = p
~ 

u~ (l - T
~

)(b - ~ :3 ) . (33)
> 2

The te rn - i I - T
~ Can , wi th  the aid of Eqs . (1 1)  and (14) , be represented in te rms

of the  v e l o c i t y  d i f f e rence  ~ i.m = u — 1 by- c c -

1 - T  = i~J —L- ~C ‘y L I  r aa

( 3 6)
U a

= ‘~
t—’-~~

--- ,,lvm

P a

i~here is P i t -  s p e c i f i c  hea t  of the gas , taken  as constant .  Ut i l i z in g  Eq. (28 > ,
e x p r e s s i ng  p in t e rms  of T ii > - the gas law , and noting that the term y,1 is negligible
c o m p a r e d  LI b (or a wide jet, the en ergy equ a t i on can be w r i tt en in th e form

d y - u  

> 2 

(l-4) dv -
~~~~~~~~

[
~~÷N (13)]

(37)

15



Parallel to the t rea tment  of the dens i ty  t e rm  in Eqs . (6) and (7) , we rep lace l/T
by its corresponding arithmetic mean ~ to give

(1 - p 1 f ~9_ dy 
~
u
~~

(1 
~~~~ 

~~~~~ 
dy C

P

a
Ta 

[4- 4 N (1 
~~

-

~~~~ -)]

(38)

where

= ~~
-. (i ~~~~~~~ 

> 2 
- 

~
‘3 in te rva l

(39)

P 2 ~‘( T ~~~~~T 7 )  
, o - y 9 i n t e r v a l

Pe r fo rming  the i n t e g r a t i o n  we ob ta in

~ T ~ T ,1 \ 4u 2 F - a -1
(N - 1)-T-

~
- - u 

(~~~~~~
‘ 

‘ a ) = 

~~~ 1 
4 N (1 -

~
_
~
j (40)

w h i c h , toge ther  w i t h  Eqs . (2 $ )  and (32) , a l low.s  us to ca lcula te  t e m p e r a t u r e ,
veloci ty , and the  coordinate  v ,1 a long t i re  m a i n  se c t i o n .  The coordinate  y

2 
occur r ing

in these equations is a s imp le l inear  func t ion  of x given by

y2 = CX (4 1)

where  c is a constant  having tile value 0. 27 for the i n i t i a l  section and 0 . 22 for the
main region .

3. \l F :IIIo u UI- ’ ~OI.I I’ IO\

Although we have simp l if ied the analysis by the use of average val ues for
temperature and dens it>’, the solution for the foregoing equations is qui te  complex
for the general case. However, for the case of snu al l  to modera te  heat ing the
equations can be fu r the r  s imp li f ied  and exp lici t  solutions obta ined .  The q u a n t i t y

~
lTm is init iall y comparable to un ity but dec reases very  rapidl y and becomes sn-ta l l

in the ea r l i e r  por t ion  of the main region. The term 2iT
2 is a lw a ’s  sma l l  compared

to  un i ty .  Thus , the coef f i c i en t  a , Eq. (17) ,

16



a ! 
(~

_L + i)  1 - ~~‘2 (42 )

is close to un i ty .  If we w r i t e  Eq. (33) in the  fo rm

a \ 1  2 2
N (i 

-_
~--,jj y2 

- -~2_ 12(1 - a )  ~ 4m + 3(1 - a ) m  + 3m 1 1 (43)

and use the initial value of ~ T 2 
f rom Eq. (3) ,

1 4 - n i  ‘

and note  t h a t , for the tes t  data  anal yzed , ill ~5 la rge  compared lo u n i ty , we can

w r i t e  Eq. (43) in the a p p r o x i m a t e  form

I a \ 1  0 (m)
N (i - i-)] y 2 = T 

(4 5)

where

~~ ( m) = :i iis 2 -I- 4m -c 1 + :1(1 + ni)  . 1 4 1 ; )

U t i l i z i n g  Eq. (32) for the value of N , Eq. (:1 1) mii a~~ Ire  w r i t t e n  as

4- 4- 
(

~~ -
~~~- ) = - - ~~~ [u~~1 + 2U 1~ 

+ ( i  
_~~~~-) (U 2 

- - u ) ]  ‘ 1 ( -1 7 1

in which , f rom Eqs . (1 6)  and (17) , a 1 - a  is given hr ~

~ T / 2 4 - u
1 

~ 
2IT I lit

a 2 \ 1 + u1 oh
l~~~AT 9 

1$

—d uict’ f l , = ~~ ( 1  4- u ) is a s m a l l  t e l l S  i t t ’  c a r S  i t T l i I i I I ~~, i t . i i t t ’  i i ) t - l ; -: \ 1°2 to iii - -

a 1 I + ___ 3_!-i! 4 ’ )

17
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_ _ _ _

and reduce Eqs . (47)  and (32 )  to the form

4 +  N (~ ) = 

~~~~2 
+ 

~~~~~ ~1~~~ l 4  ‘u
rn)] 

(50)

N = 
(u TTt 

+ 1)~~~2U~~~~~1) 

[ 
~~T ( 2  

÷ u ) ~ . (5 1)

The velocity equat ion (45) and the  energy equation (40)  n a y  now be wr i t t en  as

I ,I ’I’ rjt (iii )
• ~2 - — 

n o~~~~ _
~U ‘ > 2 ~ T i ‘1’

l ri - i f 1 0
2 l ’ u m

4si ~1 ~ ~ T , ) (u + 1)2 1 ~ T
= -

~~~ 

~~~~~ 
(~ 

1 4- u ‘

The v t ’ l l l c i t y  e q u a t i o n  (3 2 1  and the e n t ’r g y  e q u a t i o n  (33) uv i a~~ be solved s i n i u l —

taneousl y in t h e  f o r m  of ( - Si l O -  equa t ions  for  the  v e l o cit y  and t e m p e r a t ur e  as func —

i Ins of t et  T i l l s  i t  (I In , A in iu c l i  s i m ple r  so lu t i on  ma>’ be ob ta ined , however, by

no t ing  tha t  S
~ nl drops off  i ’apid ly in the i n i t i a l  region of the  iet  and , t he re fo re ,

the t empe i ’a tu re  t e r m s  I n  the  r i g h t — h a n d  side I f  Eq — i . ( 3 2 )  and (3 3)  have onl y a

smal l  ef fec t  upon the veloci t y and t e m p er a t u r e  d ist r ibu t ions . We t h e r e f o r e  neglect

these  t t ’ r u r i s  in o b t a i n i n g  i n i t i a l  s o l u t  (o r t s  and w r i t e  I-5~ - . ( 3 2 )  and ( T I P )  in t he  form

~ l i i i )
( i i  l )  > 2 ‘I 

- (.~4)

- I I :
_~ ‘I U - - tm 1Y’ ( s f )

to n’i (/ I or
~ 

a

n t I i - I I  give  s i m p le 5 I l f l t I I I l i S  f i l l ’  and ,~‘1’~~ as f u n c t i o n s  of x. it is convenient to

r efe r’ P p ~~. ( 1 1 )  and ( S S 1  to  the end if t h e  i n i t i a l  ~~& ‘ I ’ t t ( I O  x at which  u ITtI I  ni
j i i d  i’ I i ’ t

16

- -  _ _ _ _ _ _



2 ’~FI(u rn * 1Y (m + 1) ( f f 1 )

~ T (uin m iTt )
o rn (iii + 1) ’

where x 11 is , by Eq. (54) , obtained from

1 
___________

H 0. 27 (rn + ,> 2 T 
(58)

Similarl y, the end of the main section x 1, at which u = 1, is given by

1 ~~ (rn)
~~~~~~~~~~ 4T 

(59)

The in i t i a l  solut ion for the t empera tu re  obtained from Eq. (57)  may now be

u t i l i zed  in Eqs . (52) and (53 ) to ob ta in  more accura te  solutions for the velocity and
t empe ra tu r e . Calcula t ions  indicated that the t e m p e r a t u r e  correction has a small
e f f e c t  upon t h e  t e m p e r a t u r e  d i s t r i b u t i o n  and a negli gible effect  upon the velocity.

It may be noted ihat  E q. ( f 7 )  for the t empe ra tu r e  d i s t r ibu t ion  is close to t h aj  for

the coflowing  j e t ,

i~T — u  1n -i n-i

at small  to moderate je t  d i s t ances , but y ields somewhat  larger values in the outer
region of the  je t  where u becomes comparable to u n i t y .

ti , %II) I) I I’ll ~FIO\ OF Sill.I I’lO\

U t i l i z i n g  the anal y s i s  of Abramovich  ( R e f . 4 , Chap.  9 , pp 391-416) , the length

of zone H is given in t e r n i s of the lengt h x 1 of zone I by, approx ima te l y,

x 2 - x 1 = 0. 176 x 1 . (60)

19 



An a n a l y s i s  of the  t e s t  da ta  I ib t a i n e d  at  I r v i n e, C a l i f o m - m i r ~ s , du r ing  1974 (K u n k e l ll (

shows t h a t  the  ca l cu l a t ed  ct l ength , x 2, ob ta ined  f r I l l s  I - q .  (110) is too large , b

about a fa ( - t l I r  l I f  2 , conipa i’ed I I I  l i t ’  co i ’re spondir ie  t ’xper ins en ta l  values , part icu-

lar l y at t i re  la rge  values of to . This is in coot m ’ a d m  s t i r u r t i o n  to the resul ts  for the

( I p l i o s i n g  round je t  u - i  wh ich  Sekundov ’5 obta ins  r e t  iC ’mm gt l s s  tha t  are in good agree-

ment w i t h  the expe r imen ta l  values . P a r t  of t i re  d i s c r e p a n c y  may stern f rom the

f a c t  t ha t  we have a t w o - d in i e n s i o n a l  f low t i e d  is i rr ore  sens i t ive  to smal l  changes

in ‘,‘ e l t i c l t v  t i - i an an a x i s > - m t i o i e t  iSI - t l (  ISV . \ \e  th  em ’ e l o r ’ e  inod i f > -  the anal ysis tha t  was

used Previousl y to de te rmine  the  value If u f rom the boundary condit ions at the

beg inning  of the i n i t i a l  section and account for’ t h e  s i t u a t i o n  at the end I f  t he  main

s c c t  toll .

The c o n t i n u i t y  equat ion l’or the  region above v
~

, between the  in i t i a l  sect ion 0

and an orb i t  m a r y  sect ion in the  main  region ,

( b - v , )
______  

-

~ u = p U (~~1)
c c  — I - co b - v 3

v~elds  for l a r g e  h

( u  — 10 (u — i ’lL - v — V . (62 )
C r t i  - - .10

in  w h i c h  ‘ I t ’ -  d e n s i t y  I I I  t es t i n  h~ - t i l  ~i l t I i ~~I s j n I - i -  is sm al l  1 - o r i r p i l  r e d  to the  veloci t> -

I l t I i l p e .  t s r  I f  l p = . 1 2 1)  n u t - I  ( 2 8 )  -‘ i l k

F a \
.\ ( i — - $ — ) y 2~~~~~~~~~2 y~~ _ > ~~ . (lIP )

‘ I t - - -  I - I l ( I i- d ina r t ’ \ , m s i n v  be C’i I J l t i t i i 1 i  t r I te l- :q.  ( 5 1 )  for N and I-5~. ( 52 )  h r \
~~~ 

to

r
- 1 ‘- - t — -

j - 
di  ‘ I ,~T I 2

(us - 1~~ m t ‘ I )  151 - 1 i t t  , Iii to -
- -  

1 + t m  1 S T  T~~~ Si ‘ 2~~~~~1 4 u
m o is 

L 
111

in w h i c h  ‘,~e iSO ’~~ t b -  t e r m  T ,.IT , : ~~ 1) is s m a l l  I S I i i t T i t l i S ’ t t i  U n i t >  - t v : l I t t t I ’ing

L ;. : 1 )  i t t  u — 1 and t s  I r e :  ‘ i h l t  l i i ’  .~‘I is s i r l i l l  \‘ , ( ‘  get
to

1 I t t  ‘ 1)) - t -  ‘ 1) -
‘1 ‘ ~~~ - (hI )

20
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U t i l i z i n g  Eq. (6 1 for v 3 : ur i i  Eq. ( 2 2 )  for v 
~~

, I - q .  ( 6 3 )  t akes  the  form

1 + 51 ° 1 (t o )
(u Tt fl > 2 SI -

~~~~~~~~~~ T
~ + - Si  

(~ 
- 

1 4 - u  ~) 
°

i-i-i

ti he re

301 2 
+ 8m P

e i
(11- i) - 

I )  - . ( 1 ) 1 )

Stir s -c the  m i g h t  — h a n d  s m i t e  ( I f  Eq. ( 6 6 )  is appm ’o x i r r - t a t e l > -  1 2 tha t  of Eq . ( 52) ,
t he  c o ru ’ i ’ ( - t  I - I t  va lue  of x 1 is abou t  1, 2 t h e  va lse . ‘I bis co r rec t ion  br ings the  cal-
l - st i n t -i t i t  l ength  in to  cb cs t i ’  i ( 9 l C t  t t  e u i t  iv i th  the  co ru -e s  p onding  exper ins er r t a l
value . I I I I W C V ’ i - , t i r e  S I - I l  - i S v  i s now t I l o  = u t - ~i l l , ‘s p e c i a l l y  in ti -ic ea r l i e r  region
o f th e ct . This s i t S i t I t i l I n  is not su rpr i s ing ,  s ince s te  now have a solut ion that is
a c c u r a t e  at x but lee , not s a t i s f y  the  l - l l u m d i t i o n  ti = to at x . We there fore1 in H
u t i l  i / I  a l i n e ar  c o m I i m n : i t  i l - u t  of the  unmodi f ied  and tir e modif ied  s o l u t i 5 i i i s  t i ra t  re-
duces to  IT~ 1 (5 2 ) a t  x 11 a nd to  lf q. (6( 1 ) at x 1; tha t  is ,

[ ó ( m l  x 1 - x O
1(rn) x - x FJ 1 1 + ~ T( I  ‘ U

01 > ‘2 ~f” x - x  + T”” x - x  I (68)
I o 1 II ci 1 J- I~ mL + 2

in ‘. Ir ~~’It ‘ 5 1  i S t ’ O l e ( t S l i t  5 t i t t i l l  t e r l O  1 ( 1 - - u in the ter -npera tu r ’e  cor rec t ion . It is
C l I t l \  t= n i t ’ n t  to e x p r t - s  I T ;. (6 11) in t e rn - i s  of the p a ramete rs  X H and x 1 and w r i t e

2 ( 1  - n t )  H 1 - 
4 X 1 X — X14 -( 1 u )  

/ :Sr ~~ ~~~
j - —

~11 /
l I S r

1
\
\

x X
i~~~

X
H1 • ,,I T -2 )  1 + ~ T 1 2 )

(69)1 -
l i i

1 ’ ~~~T 2un

and x 1 t r ’e r e l a t e d  t o  0 (m )  and 0 1(m )  b>

0 (tsr) 1
= 

( i i - I l l  
I + L5i 2 (7 0)
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---~

I + AT~
X
, 

= 4 T  1- * .,1T 2  ( I i )
0 1

and AT 1 is the value of 
~fT r at u = 1.

A=; an a l t e rna t ive  to the use of 1 1)-I . (7 1,5) and (71 )  P l u  
~

i
l I  a nd  in i~: - . ( I l l ) ,

we may  regard x1~ and x 1 as e x p er i i r I - I i t t i l l v  t i e e r r i r i n e d  p a r a u r I ’ te r s  for  c a l c u l a t i n g

the s’elos - i t > - . Since t ire l e l r t l l e r a t s i r e  d i s t r i l l S l t i l - l r  i -  gi ven t i  ~k li-i t i - t - r - ts I f  v e I l s — —

i t> ’, Eq. ( f l )  may be tmsed una l t e r ed  in  c a l c u l a t i ng  5 k-  t n o d i f i 1 - t t t - i r r l l e u - t t t S i r - I-

d i s t r i b u t ion.

~;FI- I-;4.T III- I i  I III-~~l l\ ~, I I’U\ Ifl \ ~ IU UI ~t Ii~t~ I I  I I I= I I (  UI II  I

The foregoing analysis  shows c1~-i ar1>-~~I i I - ( - f f l - c t  ( I f  l I n t  i r~ - YjII I ! )  I I l l -  i t - i  ch a ra c  —

teris t ics . From Eq. (68)  we see t h a t  S l i t -  v e I l  c i t y  I t e c r l ’ t l s t ’ s  i s  T~~ ~ w h i l e
— 1  0

1- q .  ( f / i ) indicates  tha t  AT decreases r ’oug hl~ as T . ‘Fi re  l e u t p ~h of ‘ I - i l  I , x 1,
and , hence , the je t  length x 2 d e c r - - - i se , ac cord in g  t -  I - / i ; .  ( 7 0 ) , as T ’. f i t e  e [ f i - c ’
i f  hea t ing  upon v e l l lc i t y  and je t  lengt h ( h r  a i l l s i r t  r E’ can  ( I I  i k 1-c l i o d u ,tcv’d f i o t t t

Sekundov ’s work  liv s i l t i n g  t h a t  t i r e  i n i t i a l  l i t I l t i r i e  t e r r e  i i l I r~i l I l u ( e s t l r  I t . - i i -- i t v  1 - u - m

l / T  in to  t h e  t e rm  ~~ (m) .  Sekunc t 5,1 5 5 - l o t i t v ( - I ) u i I ’ i t i t ( 2 — .~ P mrmi tv l e e s - f o r - t -

he w r i t t e n  as

x~~ ( u  ) C — :1 (t o )
01 0

where  (U rn ) i s  a
, 

q u a d r a t i c  in u
lO

. Thu s , l i t ’ v e l l l c i t v  and -~ et  i t - i t  ~f l t  I I I Ph  dec rca
rough l y as T . - S i m i l a r l > -, IS i s  1 1 1 = 5  t o  sh ow f r o m e l l u l s e r - v t ( t i o n  If I - n e m - p v  for a
round j et . 15111 1 1 I~~~ I I r i s  to I lj 5 . ( 3 :5)  and ( 3 7 ) , t h a t  t he  t e r i r pe i ’a t s ir e  drops  ( 1f f  as

— l  /~~T
As i n d i c a t e d  by Se k u i u i l o v , t he  i i l . T l , n i i e n l - I of je t  l eng th  tipon t t ’ t l l ~~ C i i I t  i~~re f r

a round op p l l s i r - i c  let  f l a y  s - a s i  I >- i t ’  deduced i i> -  to Sing t h a t  t h e  h I  1 1 1 1 1 6 1 1 5  ion char ac  —
t t ’ i i - I t t l  - _ of I i i ’ I a r t ’  s in l i l a r  i l l  l I a I s e  ( I f  a suhr -n erged je t , and zone I is the  i l S i i i l I i ’

r I - O m l i u l  ( I f  a n  l lp p o s i ng  i t t . In t h i s  a- ~t > - , U s i u l g  ( l l u l s e u ’ s - a t i l l n  of u r l o m e nt u m  a n t  eu l i ’ r- o \ -

fo r a submerged  n o n i s o t h e r n r al  l e t , we obta in ,

for a round je t :

2 2x u m o

~ T u X
2

’~~~1 i
iTt I t t  0
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t’oi’ a p lane  i s - ! :

x m l i i )  0

A ’l U x ‘. C
ill lit (1

f m - l i e s  w h i c h  t ime  p i ’ e v it iu s l y l I l t t ( i m i ( - I t  l l l ’ p I S i I l I u r l I of ct l e l r g t i r , C l - I  -1 - t t v , 1151 11 t I ’ u r r —

p e r a t ui ’e  upon i n i t i a l  i t ’ S  I I M t l I l i ’a tui ’e  f o m ’  l o t i r  p l i h i i l ’  a i r l l  r ound  i t - I s  is  i n r n r e d i a t e l v
ded tic en .

Ii . I{I - ” I I I —

T I r t ’ c a l c i r l t h i t ’ d  ~- i - l c i t y  a nd I I e . : l I t l t U t , -  d i s t i - i l - h l t i l l i i s  fo r’ 5( ’\’ I ’ i t l l  I m ’v i n e  t e s t

arc ’ sI  ( 5 5 ,1 in  F i l / O C t - s  2 and 3 a l - s i t — ss m t l r  i l i  I- I - I - u - i l - s  ~~ I 511 l i t r 4  I ’ X j I t i i i i  t ’ i r i a l  1 5 1 5 1 5 ,

1 l i t - s t  r e s u l t s  I I  I V I i t~ t 1 1 s t  of the  - l i S t _n -  of i n i t i t I i ’ — p lc - I t , i t r i t i a l  l i i i I - r - : i l i - i ~a t t i r e

and - t  t t t l - n ’ s i t  a -mod  t - u i c l l r l u i t  I in  t b -  t t - ~ _ ’ 
~~. In C t - U e i t l l , I l i i  c a l c u l l l t l - I l  I n -  — s i t  O i l ’

in  1151 ’ tI 6( 11(1 - 5 _ n I l t _ t e l ,  S - i s m i  P t -  i \ ) I i e i t e I S I t t I l  t I  1 1 1 1 = , l I t , ’  r a l c st l n t e d  S I - l I l I e s-

d r I l tes o f f  t I l l (  i ’ a pm d l v  in  t h e  i n i t i a l  i - I l / m i - s i  - I ’ h t ’  t - - t , but  S S il k  I l l  I l p j r m ( i l O ’ l i  l i t-

I ’ \ ) I e t - i t -  ( S i t  I I  s- a loe  a t  l ar ~ t - s -  i t - ’  d i s t t l t l c i - 5 .  F l i t ’  c l l l c s l l t : I ’ i I  t t ’ t I p e i - t l t l t i t ’ s : 1 1 5 1 1  ( t i - I I ~~

11ff  ~ l - n e ’ s l r ( ’ ’ I l I l  r a p i d l y  in t i r e  - ‘ t i t r r r l u t ’ l / ’ m I i n  I l l  ‘ I t e  I t ’ ’, I - l i t  S i r e n  t l ~t ’v lt &’( ( i - c

5 1 1  55 1> ~ 1511 t i J i  S - 4i\I I I5 t j5 t t i t l i l t :  = l i t r i I c u i t i h i - i t lw v t - e r - i t - . I - I t t  1 v a l u e s. ‘I I t I ’ s e

res u l t s  a l t ’  I - i l ,  i = t t - n t  ss i t h i  t I ~ l I ~~e l l h t l i t i O t I  f l u ’  t l t c  c l i P  wing j t - 1  ( K i e r i t  ) .

I t ’ ’ .5 Lo w e r  d c  r I - I — i - I l  f ‘ I t  I I \  I I ’  I S  i - t i l l  5 1 1  I I i l ~~ I f  i~ - i t  t i l e  i _ i l  t o  m’s’ anil ~‘el 11CC

in ‘ I t t -  e a r l y  t i - ’ i l - u i  of I t -  l i t  I I  i t ’  P m l h I S ( I i I V  d r : t  t o  t n c l ’ t t j l l t t e  i c i x i n g,  - i - s t i l t i l r g  in
i l i 1lr t i  t e ,- i x i u i r t i r r r  v l l l s i t ’ —t If -: 1 - l Il y and  t s p  I ’ r - I I ’U r e  a t  a ~ m v t - t r ( l i i i i - - i t , A possib l e

t I l l  h r  I - s r t t i l - i t ’ i r r l / ’  t o ‘ I l l  t t I l I i I ’  r a p i d  ou t e r  - i l l / I  I - - i t  - I t - I - u I ’ ~r s ( ’  in t h e  i x p I - r i t -  I t r t t l l

c h i v e s  I ( f  v e h  1 c i t v  and 5 , ’ - -  ; l l i t l t e r t ’  i s  the l u l l  - v t l t i t  f l - I  - t l t ( r S  ( I f  t i n -  II’S t h a t  i t ’s~ i l t  — in
m o l e  1 1 1 ) 1 1 1 1  n u m ” t i i i e t h a n  o c cu r s  f o r  a i I - m - i . ( - s i t al S l O i l I l i l e V t l l i t  I t ,

Sevi ’r :I l V : I l U t ’ = o f I t t ’  I I I - u i t _ 5 ’il x ., I l l - S l I m ed hs 1 1 1 1 1  p m - t - = t - i i t  f l i t I r I ci a m t - S I S I - w u i

in Fi gure 4 as a S t I l l - I  I i i  I f  or , 110114 a t b  l l t t  r l l r m ’ t -  s p o u m l h i n g t ’ x p e m - i i r t ’ s s t a l m - t ’ = u l t s .
In a dn i i t i o n , t i m e  t ’ x p e i - i t t r t ’ n t : l I  v a l u es  I I 1 - t : S i u l t ’ l i  Lv l i n i r n a  

I for ar -i i t S c l l i l l p i ’ e ss i b i e

U : i i e i t t c d  T e I I t t ’  1 1 1  s t i i t t ’ i I  S I i nd i c a t e t i r e t r ~ t o r i !  a t  11( 55 s ’alues I l l ’ h r . In or’cle i ’ 0 ( 5  i l l

col l lp l m s - l l t t -  S l i t  r - , ’ s t i l t s  di ,m t ’ t 1  I t t t i t i i i 5 / , t l 1 t -  t ” t j  a - t i e  t o t a l  l i i i - 1 I 1 - i r l t 1 t , -1 1 i ’e - , i i l t = . L a s t —

been r t ’ s t r ’ t n - f e i l  t i l  i s r i t i t h l  I’Ncs’ -,— , I ( t - u l l S S l r t 5 I e s~ t l r  i n  30 I~ 
I l l - t i l t  ( l f  I S P  i t - u t I t o —

p e r a t ur ’ e- s . Tir e  I - t I l l - t I t h ed S ’ l l l h i t ’ s  t i ~ i~~~-a r  t o fo l lo w h I -  t r ’end in d l s - , I t e d  I l - i -  t i - i c

u ’ t ’ s i i l t  — of ‘Tin ‘ I t t I  ‘- ‘ hi le  t h e  I \ I I I i I  u e I ’ r i t t l l  t t - - . u l t  —1 n u t ’  ‘I  o - t t w l l I t  l o wer , The

7 . T i r ir m a , I . ( 1~~i; 2)  1 u r t - i t l t - i t ’ c ir c s t l a r  and p lan ar ’  i t - t s  i n  an I 5 l j 1I ~~~ it i f l  s t m - t - t l ’ t t ,
I~’v , I ~t , .SSI~ - ‘ - r . 1 C I l t i , j .  I i , , ~T t l a t .  N a s ik .  11 ( N I - . 4) ,

2:)

~

- - - - - = -- ~~~~~~~-= - - ~~- -
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l u i w e r  exper imenta l  values ar e probably  due , in par t , to the buoyancy, w i r i s h  te nds

to  decrease the jet  length .
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Figure 4 . ( o i - i p a m ’isou l of Ca l cu l a t o l l
Jet Length N a  W i th  F x u 1 1 ’ r i S o m t u I
I l e s u l t  at Sever — :’ \ i i u s i e s  of rn

I i  ~‘I \I\I \ Il~ \ \ I )  ( I)\ (I. I —IU\ ”

The method developed Isv ‘~n ’ k S i u r u I l u v  to c a l c u l a t e  ttt e dynamic charactei ’i ,4t ic  of

an incompress ib le  round r e t  in an opp c is ing  s t r e a m  has been e x t e n ded t o  the case
of a heated planar el . The calc u l a t ed s ’ e l u u r i f y  a u d  I - u t  p e u - t i l u i m - c  - I i  s t i - i l - e f  I ll S 011 -04

the jet axis are in fair to good t u r I n ’  i l t r i  ‘ i t h  t h e  exp s ’l- i I t ( ’n t a l  i - c - - i - c I t ., . li-i gen-
er al , the calculated veloci ty  and t s - n rp e r a t u r e  va l tmcs drop off t o l l  r a p i d ly  in the
ear ly  port ion I f  t he  I I I , s t-bile I t t e  I e r t l s u - t - a l i u  i t -  d e c  10151 — I I I  s lowly in the t i t e r
region. ‘T h e  c a l c u l a t e d  j e t  l e u t g t l t  are c o n s i s t  o m i t  with experimental va lu,ies for

unheated low velocit y ‘et 5 , 11115 t end t o  j o  hi gher t h a n  ti - ic  expei ’ imental  rt - i~l t ,  for
he l l  t ed  high veloc  i t s -  j  i ’t

‘I he a u i a l v s i - ~ s h o w s  t h a t  h r  a p l a n a r  ( ef  the v e l l l c i i v  and t e rnp e r a t ur e  decrease
as T 1 2 ‘,‘:hile the j ’ t  length drops off as T~~ . 

- 
F or a r’ound hellted jet the velocit y ,

ct length , and temperature all decrease as T~~
1 2 These resul ts  are cons i s t en t

with those obtained by s imple dinlens ional  an a ly s i s  of t h e  conservation laws Ps’
momentum and energy for a submerged  n o n i so t h e r m a l  j e t .
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