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DESIGN OF SUBMERGED TURBULENT JETS OF 

OF DIFFERENT DENSITIES 

G A S E S  

V.  A.  G o l u b e v  UDC 532.525.2 

We p resen t  resul t s  of a theore t ica l  and exper imenta l  investigation of submerged gas je ts  in the 
of density var ia t ions  (Pj/Pe = 0.05-10). range 

A large number of studies [1-9] have been devoted to an investigation of the fea tures  of the propagation 
of submerged je ts .  Below, an a t tempt  is made to general ize the available exper imenta l  data [2, 5, 8] fo r  jets  
of var ious densi t ies  and to calculate cer ta in  cha rac te r i s t i c s  of such jets .  

F o r  construct ion of the graphs (Fig. 1) we assumed the jets to be a point source  placed at the pole with 
initial momentum equal to kj (kj = pju2Fi).j~ The distance to the pole Xp was found f rom the construct ion of the 
prof i les  pu 2, u, and AT or c at var ious  dis tances f rom the nozzle at the x t - r  plane following the drawing of 
the s t ra ight  lines passing through the points at which the veloci ty head,  the veloci ty ,  and the excess  t empe ra -  
ture or concentrat ion at each cross  section of the je t  aTttained half of their  maximum (on the je t  axis) value,  
i .e . ,  we constructed the s t ra ight  lines rq.5, r u and originating f rom a single point - the pole [5]. 0.5, r0.5, 

From Fig. 1 we see that the width of the profiles pu 2, u, and AT increase with decreasing density of the 
jet and dimensionless profiles of the excess temperatures ~T/AT m and the concentrations c/c m coincide [5]. 
In this case with an accuracy that is acceptable in practice the velocity distribution over transverse cross sec- 
tions of the indicated jets is described by the theoretical profile 

um~--~-~ = [ 1 - -  (0.44 ~jr/x~ ~3/212j ' (1) 

and the distr ibution of the excess  t empera tu re s  or  concentrat ions is descr ibed  by a profi le  which can be wri t ten 
a s  

ATr~ c~ [ . r , ~ l  ro.jXi ] j 

In Eqs. (1) and (2) the ra t ios  of the ha l f -maximum values of the t r ansve r se  coordinates ,  the v e l o c i t y  and the 
t empera tu re ,  rU.5 and rT5 to thei r  l imiting values r u and r T l im l im are  the same for  all je ts :  

r~_o% = 0.44, r~ -~ ----- 0.44. (3) 
ru ~- lira lim 

u = rU.Jxt and the The change in the coefficient  of the half-width of the jet  with respec t  to the veloci ty Co. 5 
t empera tu re  CoT5 = rTs/xl as a function of the re la t ive  density of the jet  Pj/Pe a re  shown in Fig. 2. In this f igure 
we show the var ia t ion of the coefficient  of the half-width of the je t  with respec t  to the velocity head cq.5 = r q . /  
x1. 

The distr ibution of pu2/pmU2 m in cross  sect ions of the i so thermal  je t  of a i r  Pj/Pe = 1.0 (Fig. 1) c o r r e s -  
ponds to the theore t ica l  profi le  obtained f rom Eq. (1): 

S. Ordzhonikidze Moscow Aeronaut ics  Institute. Trans la ted  f rom Inzhenerno-Fiz icheski i  Zhurnal ,  Vol. 
36, No. 4, pp. 715-720, Apri l ,  1979. Original a r t ic le  submitted July 18, 1978. 
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Fig. 1. Prof i les  of velocity heads pu2/~mU2m (points, 
half shaded), veloci t ies  u/urn (open f igures)  and t em -  
pe ra tu res  AT/ATm or  c/c m {filled figures) for  jets  of 
var ious  densi t ies  [solid curve)pu~/pmU2m; dashed curve) 
u/urn; d o t - d a s h  curve) ,XT/AT m - prediction].  Here  
and below, see Table 1 for  the notation of the expe r i -  
mental  points. 
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Fig. 2. Variat ion of expansion coef-  
f icient of the hal f - je t  (C~. 6, C~ 6, and 
o~) and ~he jet (O~m' ~m), ~nd of 

r U ~  T the ra t ios  r~.5/r~.5 and 0.r as a 
function of the density of the je t  (lines - 
prediction).  
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TABLE i. 

w oLkmg: ; 
mealum oi 
jet . . . .  

Freon 
Air 
Helium 
Air 
Air 

P r o c e s s  P a r a m e t e r s  of the J e t s  

r j ,  m I I l  

2,5 
5,0 
2,5 
15 
45 

x ,  f i l m  

70-145 
50-150 
70-145 

250=-500 
600-1600 

ki  
P~ 

3,2 
1 ,0  
0,125 
0,067 
t,0 

Exlmrimenv. 
tal points 

1 
2 
3 
4 
5 

h ccording to data of 

[51 
f21 
[51 
[81 

Expt. of Tmpel [ 1] 

/ 2 Ig tO0~ ~ 

6 " ~  20 
! / 

4 i5 

2=,~ I I - 

q~ q5 ,/o $ P',/Pe 

Fig.  3. Dependence  of length of in i -  
t ia l  sec t ion  x e / r j ,  d i s t ance  up to  the 
pole of the je t  xp / r j ,  the in t e rva l  A,  
and the quant i t ies  xl0/r j  on the je t  
dens i ty  [black c i r c l e s )  - data of the 
w o r k  of Kukes;  sol id  curves )  - ca l -  
cula t ion] .  

pmu~ = " (4) 

We should note that  the r a t io  of the t r a n s v e r s e  coo rd ina t e s  of the j e t ,  w h e r e  the ve loc i ty  head  equals  
q u 

half  of the m a x i m u m  value,  to the c o o r d i n a t e s  with the ha l f -va lue  ve loc i ty  r0 . j r0 .  5 f o r  the je t s  being con-  
s i de r ed  does  not change and equals  0.71 {Fig. 2). 

The  tu rbu len t  P r a nd t l  n u m b e r s  in c r o s s  sec t ions  of the indicated  je ts  a l so  a r e  independent  of the dens i ty  
and equal  0.87 (Fig. 2). T h e s e  n u m b e r s  w e r e  d e t e r m i n e d  as :  

u r (5 )  P% ---- ro . J ro .  5. 

The d e t e r m i n a t i o n  of the e x t e r i o r  boundary  of the je t  based  on the expe r imen t a l  data  is connec ted  with an 
en t i r e  s e r i e s  of d i f f icul t ies  and leads  to l a rge  e r r o r s .  Tak ing  this l a s t  fac t  into accoun t ,  the e x t e r i o r  boundary  
of the je t  based  on ve loc i ty  r~i m and t e m p e r a t u r e  r T lira was  d e t e r m i n e d  a c c o r d i n g  to the c o r r e s p o n d i n g  ha l f -  
width f r o m  Eqs .  (3). 

On the bas i s  of the data obtained in this  way  we found the expans ion  coeff ic ients  of the fundamenta l  s e c -  
t ions of the je t  a c c o r d i n g  to ve loc i ty  
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Fig. 4. Variation of velocity head on 
the axis along the length for jets of 

various densities (curves-  predic- 
tion). 

r~,un r g , J x i C ~ _ _ 0 ,6  ( 6 )  
C = C~im= xi 0.44 0.44 

and accord ing  to t e m p e r a t u r e  

C r r~irn rr  o J x i  C r ~ .  . 0 , 5  

lira xt = ~  0.44 " 
(7) 

In o rde r  to de te rmine  the expansion coefficient  of the je t  C = C u �9 l im as  a function of its densi ty we can 
r ecommend  the following empi r i ca l  formula :  

C = C~im= 0.273 - -  0.053 lg 100 P.i (8) 
Pe 

F r o m  Fig. 2 we see that for  a je t  of an i ncompres s ib l e  fluid ~oj /p  e = 1) the expansion coefficient  of the 
j e t  C equals 0.17, which dif fers  considerably  f r o m  the value that was a s sumed  e a r l i e r  - which was equal to 
0.22 [i]. 

If we assume that for Pj/Pe = 1 the value of the coefficient C = 0.22 is correct [1], then from (6) it follows 
that 

C ~  = C.0.44 = 0.22.0.44 = 0.097. 

Based on the expe r imen ta l  data of [8] we see (Fig. 2) that even for  a s t rongly heated a i r  je t  (Oj/Pe = 0.067) 
we have a somewhat  lower  value of the coefficient  C u a = 0.09, and for  a j e t  of an incompress ib le  fluid, a c c o r d -  

. U U u .  
ing to Fig.  2, Co. ~ = 0.073 and, hence ,  C = Cli m = 0.073/0.44 = 0.166. 

Based on the exper imen ta l  data that have been obtained and also the data in the l i t e ra tu re  we const ructed 
graphs  of the var ia t ion  of the length of the initial sect ion of the je t  x~/ri and the dis tance f r o m  the sect ion of 
the jet  up to the pole of the jet  x p / r j  as  a function of the densi ty  of the je t  P J / P e  (Fig. 3). F r o m  Fig.  3 we 
see  that  with inc reas ing  jet  densi ty  there  is  an i nc rea se  in the d is tance  upto the pole owing to the d e c r e a s e  
in the width of the jet  and the length of the ini t ial  sect ion - as a r e su l t  of the reduct ion of the apparent  m a s s  
along i ts  length. 

The length of the initial  sect ion Xe/r j and the dis tance f r o m  the sect ion of the je t  up to the pole Xp/rj as a 
function of the density of the je t  can be de te rmined  f r o m  the following empi r i ca l  fo rmulas :  

Xe 1.325(lg100 P i )  2 - -  q -  1 . 1 6 1  lg 100 9--L if- 5 ,  

r. Pe Pe 
J 

(9) 

- ~ P - - :  0.41 (lg 100 ~P'-tz + 0.1331g 100 P._.Jl -I- 3.72. 
q 

(1o) 
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If we wri te  the equation of conservat ion of momentum on the section of the je t  and in an a rb i t r a ry  cross  
section of the je t  

F 

= 5 p,, dF C m  
0 

and we assume the je t  to be a point source  s i tuated at  the pole (Fig. 1), then Eq. (11) a f te r  s imple t r a n s f o r m a -  
tions can be represented as 

pmu~ t 1 . 

- -  . .  . . . . . . .  i" x ,  1 '  A l t m / z ,  

pu = r dr ~ " ~ t  
Dmt, l m X~. X l  

o 

(12) 

F r o m  Fig. 1 it  follows that the dimensionless  prof i les  of the veloci ty  head pu2/PmU2 m with an accuracy  
acceptable in p rac t ice  can be assumed to be universa l  along the length of the jet .  Then the value of the in te-  
gral  A will not va ry  along the length of the je t  and will depend only on the density of the je t  (Fig. 3) and for  
Pj/0e = i it will have a value A = 4.1" 10 -3. 

However ,  based on the exper imenta l  data of Tr[ipel (Pj/Pe = 1) the quantity A has a considerably g rea t e r  
value and is equal to 6 .25 .10  -a. 

Based on the values found for  the integral  A as a function of the density of the je t ,  on the basis of (12) we 
de termined  the dis tances  (in ca l ibers  of the je t  xl0/rj) f rom the pole to the cross  section of the je t ,  in which the 

according scheme of the je t  initial veloci ty head {PmU2m/#ju~ = 1) is p r e se rved ,  The quantity x l J r j  to the 
(Fig. 1) is equal to 

x,__~o = xe_+ - ~ - -  ',-F xtr ..... (13) 
rj rj  r j r. 

] 

F r o m  a comparison of the calculated curve for  xl0/r j and the exper imenta l  curves  for  xe/ r j  and xp/r  i it 
follows that the re la t ive  length of the t ransi t ional  section Xtr/rc  for  the jets  being investigated is equal to ~. 

Since according to the exper imenta l  data of Trfipel  [1] the pole is si tuated on the c ross  sect ion of the je t ,  
and the value of the integral  A = 6 .52 .10  -3, then the length of the initial section of the je t ,  calculated f rom 
Eq. (12), equals 12.4. The resu l t  obtained was found to be in obvious d isagreement  with numerous  exper imen-  
tal  data,  including that of the exper iments  of TrUpel (Fig. 4). 

2 2 Equation (12) enables us to de termine  the var ia t ion  of the veloci ty  head along the je t  axis amUm/pjuj. 

In Fig. 4 we compare  the calculated and exper imenta l  data based on the var ia t ion  of PmU2m/pju~ for  je ts  
of different  densi t ies .  It is seen that they are  in good agreement .  However the fall  in the veloci ty head along 
the length of the je t ,  calculated for  the value of the integral  A = 6 .52 .10  -3 with r e spec t  to (12) occurs  cons ider -  
ably more  intensely and d isagrees  with the available exper imenta l  data (dashed line). 

As a resu l t  of the general izat ion of the exper imenta l  data based on the var ia t ion of the coefficient of the 
U U half-width of the je t  with respec t  to the velocity C0. 5 = r0.s/x i as a function of its densi ty,  and also on the basis 

of the equation of conservat ion of momentum, it follows that we should assume it to be establ ished that the ex-  
pansion coefficient  of the je t  C of an incompress ib le  fluid (Pj/Pe = 1) equals 0.17, and not 0.22, as was assumed 
ea r l i e r .  

rj 
xl 
uj, 
Pj, Pe 
cq , C u , C T 

0.5 0.5 0.5 

C~i m, C T lira 

NOTATION 

is the je t  radius;  
is the distance f rom the pole along the axis of the jet ;  
is the je t  flow rate  a t  the exit  f rom the jet;  
a re  the density of the je t  and of the environment;  
are. the expansion coefficients of the je t ,  where the veloci ty head,  the veloci ty ,  and 
the t empera tu re  are  equal to the i r  ha l f -maximum values;  
a re  the expansion coefficients of the je t  with r e spec t  to veloci ty and t empera tu re .  
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L A M I N A R  W A V E  F L O W  O F  A F I L M  O F  A 

V I S C O P L A S T I C  L I Q U I D  

Z .  P .  S h u l ' m a n  a n d  V.  I .  B a i k o v  UDC 532.517.2:532.135 

We solve the p rob l em  of a l amina r  wave fai l ing down a ve r t i ca l  sur face  for  a thin f i lm of a v i s c o -  
p l a s t i c  Shvedov-Bingham liquid. 

F i lms  of liquid fal l ing down a ve r t i ca l  sur face  have a wave nature for  flow ra t e s  exceeding a ce r ta in  
cr i t ica l  value. According  to the avai lable  exper imenta l  data ,  the inc rease  in the coefficients  of heat  and m a s s  
t r a n s f e r ,  due to the wave fo rmat ion ,  can r each  50% and g rea t e r .  Such a type of flow is r a t he r  f requent ly  en-  
countered in var ious  appl icat ions ,  in p a r t i c u l a r ,  in p r o c e s s e s  and appara tus  of  chemical  technology. Flowing 
media ,  p roces sab l e  in such technological  p r o c e s s e s ,  e.g. ,  v iscoplas t ic  liquids, a re  often rheologica l ly  c o m -  
plex. 

We consider  l amina r  wave flow of a thin f i lm of a v iscoplas t ic  liquid fal l ing down a ve r t i ca l  su r face ,  
which sa t i s f i e s  the r h e o l o g i c a l S h v e d o v - B i n g h a m  law 

Ou' 
�9 '='~o+ ~ -~g, ,  ]~'l>~o, 

0u' (1) 
- - - - 0 ,  I~'l ~< ~0. ay' 

Here  v0 is the yield point and ~ is the p las t ic  v iscosi ty .  

We consider  the case  of long waves ,  i . e . ,  waves  whose length is  g rea t  in compar i son  with the thickness 
of the fi lm. We introduce the d imens ion less  va r i ab l e s  and p a r a m e t e r s  

It = aUt ' ,  Ix  = ax ' ,  ly  = y' ,  Uu = u', aUv  = v ' ,  

th = h', pUap = p', 

R e = U l  P--- F r =  US W = l U  2 P-P- S =  %_~l 

(2) 

(3) 

A. V. Lykov Insti tute of Heat  and M a s s  T r a n s f e r ,  Academy of Sciences of the Be lo russ i an  SSR, Minsk. 
T rans l a t ed  f r o m  Inzhenerno-Fiz ichesk i i  Zhurnal ,  Vol. 36, No. 4, pp. 721-727, Apr i l ,  1979. Original  a r t i c le  
submit ted  October  21, 1977. 
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