
bto and b c 

P0 
AP 

a re  the th icknesses  of the t h e r m a l  mixing l a y e r ,  equal to the dis tance along the y axis f r o m  
tin to tou 1 and f r o m  t s in to t s o u  1, respec t ive ly ;  
is  the s t e a m  p r e s s u r e  in the nozzle  f o r e e h a m b e r ;  
is the p r e s s u r e  drop between the wa te r  ambien t  and points in the mixing layer .  
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I N V E S T I G A T I O N  O F  S U B M E R G E D  T U R B U L E N T  G A S  

J E T S  W I T H  D I F F E R E N T  D E N S I T I E S  

V.  A .  G o l u b e v  a n d  V .  F .  K l i m k i n  UDC 532.525.2 

The r e su l t s  obtained in m e a s u r i n g  the p a r a m e t e r s  in t r a n s v e r s e  sect ions  and along the axis of 
submerged  he l ium,  a i r ,  and F reon  je t s  a r e  given along with the t rends  in the var ia t ion  of the 
apparen t  additional m a s s  of these  je ts .  

Although the invest igat ion of turbulent  submerged  je t s  has been t r ea t ed  in many pape r s  [1-4], some p r o b -  
l ems  concerning the t rends  of the i r  propagat ion  have not ye t  been reso lved .  We provide  here  the r e su l t s  of in-  
ves t iga t ions  of he l ium,  a i r ,  and Freon  je t s  and the genera l iza t ion  of ce r ta in  c h a r a c t e r i s t i c s  of je t s  with dif-  
fe ren t  densi t ies .  F igure  i shows the dis t r ibut ion of f ie lds  of the veloci ty  head q = pU2/2, the enthalpy i (or the 
t e m p e r a t u r e  T),  the concentra t ion C (%), and the veloci ty  U in t r a n s v e r s e  sec t ions  of he l ium,  a i r ,  and Freon  
j e t s ,  m e a s u r e d  in the main  pa r t  of the je t  at d i s tances  of 50, 70, 95, 120, and 145 m m  f r o m  the nozzle cutoff. 
The je t s  of the above gases  flow into an a i r  a t m o s p h e r e  ve r t i ca l ly  upward f r o m  a prof i led nozzle with the d i am-  
e t e r  dj = 5 m m  with fourfold contract ion.  The p a r a m e t e r s  of the opera t ing  conditions for  the invest igated je t s  
a r e  given in Table  1. 

The veloci ty  head in the je t  is m e a s u r e d  by means  of a t o t a l - p r e s s u r e  tube, while the t e m p e r a t u r e  is 
m e a s u r e d  by means  of a thermocouple .  The concentra t ion of admix tu res  in the hel ium je t  is m e a s u r e d  by 
means  of a r e c e i v e r  with a tungsten f i l ament ,  which is connected to a r e s i s t a n c e  bridge circui t .  

The veloci ty  U, the densi ty p, and the enthalpy i in the je t  a r e  de te rmined  by m e a s u r i n g  the veloci ty  head 
pU2/2  = q, the t e m p e r a t u r e  T,  and the concentra t ion C. The Freon  concentra t ion by weight is calculated on the 
bas i s  of m e a s u r e m e n t s  of the mix tu re  t e m p e r a t u r e  T m i  by means  of the re la t ionship  [6] 

Sergo Ordzhonikidze Moscow Aviation Inst i tute .  T rans l a t ed  f r o m  Inzhenerno-F iz ichesk i i  Zhurnal ,  Vol. 
34, No.3,  pp. 493-499, March ,  1978. Original  a r t i c l e  submit ted  March 17, 1977. 
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TABLE 1. 

Working fluid 
in jet 

Helium 
Helium 
Air 
Air 
F~on 

P a r a m e t e r s  of the Operating Conditions for the 

Legend 

0 
[] 

A 
V " 
0 

Je t s  

�9 T O ,  r~. 1< 

330 290 
330 
337 I 
357 I r 
340 

P J" Pj/Po kg/rn3 

0,145 0,127 
0,145 0,122 
1.03 0.86 
I ~03 0,83 
3,1 2,6 

•/•C 

225 
600 

49 

0,78 
2,1 
2,15 
5,4 
5,2 

I 
" 2 

0,65 , 3750 
1,71 i 26600 
1,71 I 3750 

i 

4,44 I ~-8~oo 
2,96 3750 

Fig. 1. P ro f i l e s  of the d imens ion les s  veloci ty  head t)U2/ 
PmU2m (1), the concentra t ion C/C m (2), the exce s s  enthalpy 
AifAi m (2) or  the t e m p e r a t u r e  T/TIn  (2), and the veloci ty  
U/U m (3) in t r a n s v e r s e  sect ions  of hhe j e t  for  d i f ferent  
gases ;  4) x / r j  = 20; 5) x/r j  =28; 6) x/r j  = 38; 7) x / r j  = 48; 8) 
x/r j  = 58; 9) calculat ion.  

:= cpaTmi - -  cpaTa 
cF rr~i ( % -  cpF) + (cp:F- %7~)' (1) 

where  T F and T a a r e  the t e m p e r a t u r e s  of F reon  at the nozzle  cutoff and of the a i r  ambien t ,  r e spec t ive ly ,  and 
CpF and Cpa a re  the speci f ic  heat  values  for  F reon  and a i r  at  the above t e m p e r a t u r e s ,  r e spec t ive ly .  

The mix tu re  densi ty in hel ium and F reon  je t s  is de t e rmined  by means  of the equation 

P~Pa 
P = CiP a + (1 - -  C~) Pl ' (2) 

where  Ci is the concentra t ion by weight  of hel ium or  F r eon ,  and Pi and Pa a r e  the densi t ies  of hel ium or  Freon  
and a i r  at  the t e m p e r a t u r e  of the mix tu re ,  r e spec t ive ly .  

The veloci ty  in the je t  is calculated by means  of the expres s ion  

U = 1 / 2 q  (m/sec), (3) 
V P 

where q is the difference between the total pressures in the jet and the ambient (N/ma). 

The enthalpy of the jet is determined by means of the expression 

i = [Cicp~ ~, (1 - -  Ci)cpa] Trai, (4) 

where  Cpi and Cpa a re  the specif ic  hea t  va lues  for  he l ium or  Freon  and a i r  at  the t e m p e r a t u r e  of the mix tu re ,  
r e spec t ive ly .  

It  is evident  f r o m  the r e su l t s  given in Fig. 1 that  the d imens ion less  prof i les  of the veloci ty  head pU2/pm U 2 ,  
the veloci ty  U/Urn, the enthalpy JAm or  the t e m p e r a t u r e  T/T m,  and the concentra t ion C/Cm in he l ium,  a i r ,  and 
F reon  je t s  a re  affine with r e s p e c t  to length and s im i l a r  with r e s p e c t  to the Reynolds number .  The prof i les  of 
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Fig. 2. Variation of the dynamic haft-boundaries r q f l  
and (a) and of the axial parameters PmV l "~ rj 

pjU~ (b),~'~ j or ~ im/Ai  j (c), and Vm/U j (d) along 
hel ium, a i r ,  ahd Freon jets  for values of q equal to 
3750 and 26,600. 

dimensionless  enthalpies ( temperatures) for the investigated gases coincide with the concentration profi les;  
i . e . ,  the trends in the t rans fe r  of heat  and admixture concentration are identical.  The t ransfer  of heat  and 
a d m i x ~ r e  concentration is more intensive than the momentum t ransfe r ;  i .e . ,  the thermal  width of the jet  is 
l a rger  than the velocity width. 

The dimensionless  velocity in t r ansve r se  sections of the jet ,  plotted on the basis of measurement  resu l t s ,  
is described by a theoret ical  profile determined by the express ion 

U = 1--  0.44 ~ , (5) 
V,~ ro.s J J 

while the r e su l t s  of t e m p e r a t u r e  and concentra t ion m e a s u r e m e n t s  a re  desc r ibed  by a theore t ica l  prof i le  ca l -  
culated by means of 

i-m-- = T m Cm = (6) 

In Eq. (5), the figure 0.,i4 represents  the rat io of the t ransverse  coordinate of the point rU5 where the jet  velo- 
city amounts to one-half  of the maximum velocity to the coordinate of the limiting point r~i with zero velocity 

r~. ( r U . / r  U = 1.35/3.07 = 0.44) in Eq. (6), this  f igure corresponds to the rat io of the coordinate rC.5 with half  
k u.~) 11 

the excess  enthalpy ( temperature)  o r  concentration to the limiting coordinate r~. with zero excess en~halpy or  

e o n c e n t r a t i o n r ? i ( r C s / r  ~. = 1 . 6 4 / 3 . 7 7 = 0 . 4 4 ) .  The relationship between the coordinates rU.s and r0Cs is 

determined by the turbulent  Prandt l  number  (see Fig.  1): 

rU5 1.3___~5 = 0.82. 
Pr t=  ~ =  1.64 

0,5  

The longitudinal variat ion of the t r ansve r se  coordinates where the velocity head amounts to one-half  of 
the maximum head. rq and r U for hel ium, a i r ,  and Freon jets  is shown in Fig. 2a. It is evident f rom the 

�9 0.5 0 . 5 '  
diagram that ,  with a reduction in the density of the working fluid in the jet ,  the apex angle a of the jet  and its 
width r increase ,  while the distance to the pole ~ diminshes.  This distance is equal to lo=6.5 rj f o r ahe l i um 
jet  and 9ri for  Freon.  The coordinate ratio rqos/r0 5 for  the investigated jets  is  equalto 0.74 (rqs/rU~.. v. = 1/1.35 = 
0.74) (see ~Figs. 1 and 2a). ~ 

Figure 2b shows the axial variat ion of the measured  values of the relat ive velocity head PmU~n/P~.U 2 for 
J 

helium,~ a i r ,  and Freon jets .  The sharper  decrease  in the value of pm ... j . U 2 / p l  U2 for helium j'ets (jp~ ~ 0.140 kg/_ 
m ~) is connected with the longitudinal increase in the jet  density. In Freon je{s (pj = 3.1 kg/m~,  the decrease  

2 2 of PmU~n/pjUj is much smal le r  than in an air  je t  (pj - 1.0 kg/m3), which is connected with a drop in density 
along the jet. On the basis of the condition of momentum conservation,  we obtain the equation. 
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Fig. 3. Longitudinal var ia t ion  of the 
apparent  additional mass  G - Gj, kg/  
sec (a), the re la t ive  d ischarge  G/Gj 
(b), the grouping (G - Gj) /G]~-- -~ic) ,  
and the momentum K/Kj (d) for  he l ium,  
a i r ,  and Freon  je ts  with q = 3750 and 
q = 26,600. The solid,  dashed,  and 
d a s h - d o t  curves  per ta in  to he l ium,  
a i r ,  and Freon  respec t ive ly  (calcula-  
tions based on (11), 

/.q 2 21 ~" [ o.5"~ p~U~ 12 pU~" r dr 
- -  = 1 .  ( 7 )  

As a r e su l t  of graphic integrat ion based on Fig. 1, we find that the integral  is equal to 1.45. Knowing 
the value of the in tegra l  and using the plot of rq  ~/r i along the je ts  of he l ium,  a i r ,  and F reon ,  we calculate by 
means  of (7) the values  of the re la t ive  veloci ty  ~ea~l PmU2m/pjU] along the je t  axis and compare  the theore t ica l  
and the exper imenta l  data. 

The var ia t ion  of the re la t ive  concentrat ion Cm/C j and the re la t ive  excess  enthalpy Aim/Ai j is shown in 
Fig. 2c. The concentra t ion in the Freon  je t  is calculated by means  of (1) with r e spec t  to the resu l t s  of t om-  
pe r a tu r e  m e a s u r e m e n t s ,  while the concentrat ion in the hel ium je t  is obtained by means of d i rec t  measuremen t s  
and by using (1). It is evident  f rom the d iagram that the resu l t s  of concentrat ion measuremen t s  in helium jets  
coincide with theore t ica l  data. The var ia t ions  of the re la t ive  axial concentrat ion Cm/C j and the re la t ive  excess  
enthalpy Aim/Aij a re  identical  in these jets .  The longitudinal drop in the re la t ive  velocity Um/U j at the axis is 
shown in Fig. 2d. The veloci ty is calculated by means  of Eq. (3). 

The exper imenta l  measu remen t s  indicate that ,  for  a Freon  je t  (Pj/Po = 3.1), the re la t ive veloci ty at the 
axis is equal to Um/Uj = 0 .9for  x / r j = 2 0 ,  while, for  instance,  in a plasma je t  (Pj/Po = 0.004), Um/U j = 0.1 fo r  
the same value of x / r j  [5]. 

F igure  3a shows the exper imenta l  data on the var ia t ion of the apparent  additional mass  of the investigated 
je t s  along the axis. It follows f rom these data that the mass  driven by the je t  is the l a rg e r ,  the g rea te r  the 
momentum Kj = pjU] possessed  by the je t  at the nozzle outlet  (for equal or i f ice  d iameters ) .  

F o r  equal initial momentums ,  the rate  at which the apparent  additional mass  inc reases  is higher in jets  
with low density than in je ts  with high density.  The la t te r  is explained by the fact  that the outflow veloci ty  in-  
c r e a s e s  as the je t  density diminishes.  It should be noted that a i r  je ts  with q = 26,600 and helium jets  with q = 
3750 have equal outflow ve loc i t ies ,  while a i r  je ts  with q = 3750 and hel ium jets  with q = 26,600 have equal ini-  
t ia l  gas d ischarges  through the nozzle.  
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The re la t ive  values  of the apparen t  additional m a s s  G/Gj for  the invest igated je t s  (see Fig. 3b) a re  inde-  
pendent  of the initial  m o m e n t u m ,  and they coincide for  q = 26,600 and q = 3750; i .e . ,  the re la t ive  apparen t  addi-  
t ional  m a s s  is de t e rmined  only by the densi ty  of the working fluid in the je t  (Fig. 3b). The inc rement  of the 
apparen t  additional m a s s  of the je t  over  the length AX iS de te rmined  by means  of the express ion  [7] 

AG = G - - G j  = 2~r~ ~)ovAx, (8) 

where  v is the t r a n s v e r s e  inflow veloci ty  at  the je t  boundary.  E x p r e s s i o n  (8) can be r ep re sen t ed  in d imens ion-  
l e s s  f o rm:  

A6 _ 2  r~ _Po_Um v a x  
Gj rj pj Uj U m rj (9) 

Assuming  that  the re la t ive  inflow veloci ty  for  the invest igated je t s  is constant  along the length and equal to 
v/U m = 0.02, we use  the d i a g r a m s  of r0UJrj and Um/U j (see Fig. 2a and d) to calculate  by means  of Eq. (9) the 
values  of the apparen t  additional m a s s  fo r  he l ium,  a i r ,  and Freon  j e t s ,  which a re  in sa t i s fac to ry  a g r e e m e n t  
with expe r imen ta l  data. 

In view of the l a rge  volume of ca lcula t ions ,  i t  is m o r e  convenient to use  the express ion  der ived on the 
bas i s  of d imensional  theory ,  which is given in [9]: 

G =0 .32  x V ~ .  (10) 

This  exp res s ion  e n s u r e s  good a g r e e m e n t  with expe r imen ta l  data at  l a rge  d is tances  f r o m  the nozzle ,  but loses  
i ts  phys ica l  meaning  nea r  the nozzle.  Our expe r imen ta l  va lues  a re  somewhat  lower than those obtained in [9], 
which is poss ib ly  connected with e r r o r s  in m e a s u r i n g  the ve loc i t i e s ,  espec ia l ly  in pe r iphe ra l  je t  zones.  T h e r e -  
fo re ,  for  be t te r  a g r e e m e n t  with expe r imen ta l  data ,  the apparen t  additional m a s s  is de te rmined  by means  of the 
exp re s s ion  

G--Gj  _--0.275 ~ V p g p j .  (11) 
O i dj 

F igure  3c shows the va r ia t ion  of the apparen t  additional m a s s ,  reduced to the gas d ischarge  through the 
nozzle ,  with a co r r ec t ion  for  the d i f ference  between the dens i t ies  of the je t  gas and the ambient .  However ,  in 
con t r a s t  to what has  been found in [8], the grouping G - G j / G j ~  s e p a r a t e s  into individual branches  for  the 
invest igated jets .  The values  of the re la t ive  momen tum K-/Kj along the je t  a re  given in Fig. 3d. The sl ight 
d i f fe rences  between the calculated values  and unity a re  connected with e r r o r s  in m e a s u r i n g  the veloci ty  heads ,  
t emper ja tu res ,  and concentra t ions  in t r a n s v e r s e  je t  sect ions .  

F igure  4 shows the coeff icient  cU5 of the submerged  je t ,  where  the veloci ty  is equal to one-hal f  of the 
axial  veloci ty ,  and the initial  sect ion length obtained f r o m  m e a s u r e m e n t s  of the veloci ty  head or the veIoci ty 
lU/rj as functions of the je t  density.  Consider ing that  the veloci ty  prof i le  is desc r ibed  by (5), the je t  boundary 
with r e s p e c t  to velocity'  is de te rmined  by the re la t ionship:  
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The initial sectionlength for a plasma jet (Pj/Po = 0.004) is negligible; it is equal to loU/rj = 3.1 [5]. The 
initial section length obtained by measuring temperatures or concentrations is smaller than l ~by  1.5-2.0 
nozzle radii. 

The above results make it possible to calculate and plot the behavior of the basic parameters in the 
t ransverse sections of jets at various distances from the nozzle in a wide range of densities. 

rj 
x 

r 

vj 
pj and Po 
q = pjU~/2 
Kj = oju  
C 
% 
v 

N O T A T I O N  

is the nozzle radius; 
is the distance along the jet axis; 
is the jet radius; 
is the jet velocity at the nozzle outlet (m/sec); 
are the densities of the jet and the ambient, respectively; 
is the velocity head of the jet at the nozzle outlet; 
is the jet momentum at the nozzle outlet per unit area; 
is the concentration by weight of the helium or Freon admixture in the jet; 
is the jet mass at the nozzle outlet; 
is the transverse inflow velocity at the jet boundary. 
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