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Resul ts  a re  p resen ted  of an exper imenta l  investigation of the dependence of the apparen t  
m a s s  on the number  M a at the nozzle exit ,  on the off-design fac tor  n, and the distance 
f rom the nozzle exit.  

The apparen t  mass  is the difference between the d ischarge  at  some section of the jet  and the d ischarge  
through the nozzle.  Direc t  m e a s u r e m e n t  of the d ischarge  in the c ross  section of a supersonic  off-design 
je t  is a ssoc ia ted  with known difficult ies.  The m e a s u r e m e n t  of the apparen t  m a s s  of an off-desigu supe r -  
sonic jet is reduced herein  to the m e a s u r e m e n t  of the a i r  d ischarge  in a pipel ine,  which significantly r a i s e s  
the m e a s u r e m e n t  accuracy .  The investigation is conducted by two dif ferent  methods,  and this pe rmi t t ed  a 
r i se  in the confidence of the resu l t s .  

The exper imenta l  setup whose d iagram is p ic tured in Fig. 1 was used for  conducting the expe r imen t s  
by the f i r s t  method. 

The appara tus  consis ts  of the r e ce i ve r  A and the chamber  B. The p r e s s u r e  P0 in the r e c e i v e r  2 
ahead of the nozzle 14 is built up by using the valve 1 to which a i r  is supplied with a p r e s s u r e  of 200 k g / c m  2. 
The p r s s u r e  P0 is measu red  by the manomete r  4 to *0.2 kg / cm 2 accuracy .  The model housing 13 is 
mounted in the nozzle. An extension 10, on which a d iaphragm 11 is fastened with an appropr ia te  seal ,  is 
mounted on the down-flow endfaee of the model.  The working length of the model L is changed by using the 
extension,  i . e . ,  the jet  length ~ under investigation. To a s s u r e  uniform de l ivery  of the a i r  dra ined to the 
jet ,  the whole space of the chamber  is separa ted  into two cavi t ies  by the cyl indrical  pe r fo ra t ed  wall 9 with 
a la rge  quantity of fine or i f ices .  The d i s sec to r  8 se rves  this same  purpose  by hindering the format ion of a 
d i rec ted  jet  f rom the pipeline 7 into the chamber .  The chamber  is connected to the r e c e i v e r  by means of 
the pipeline 7 in which the s topcock 3 to regulate  the a i r  d ischarge  is set ,  and by means of the measur ing  
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Fig. 1. Diagram of exper imenta l  se t -up  No. 1. 
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Fig. 2. D iag ramof  experimental  setup No. 2. 

plate 6 to measure  the discharge through it. The p r e s -  
sure drop at the plate was measured  by the differential 
manometer  12 and the p res su re  ahead of the plate by the 
manometer  5, with a ~=0.02 kg /cm 2 measurement  accu-  
racy.  The p re s su re  in the chamber Pc was measured 
by an alcohol manometer  16, and the p res su re  drop 
along the chamber which indicates the presence of ac -  
companying flow, by the differential manometer  15. 
The choice of the orif ice size in the diaphragm was sub- 
ject  to specific conditions, which will be examined be-  
low. 

The method of conducting the exper iment  was the 
foliowing. 

As is known, as a jet propagates  in a chamber,  
ra refac t ion  forms there due to the ejection proper t ies  

of the jet. In unit time the jet entrains a quantity of mass  from the chamber which equals the apparent  
mass  in the length L. By opening the stopcock 3 air  in a quantity equal to that which has been entrained by 
the jet can be delivered into the chamber through the pipeline 7. In this case the p res su re  in the chamber 
should evidently be a tmospher ic ,  and therefore ,  an accompanying or counter flow should not exist since 
AP = P N - P e  = 0. The air discharge measured at this instant through the measuring plate 6 will equal the 
apparent  mass of the jet in the length ~ = L being propagated in the medium at rest .  The measurement  of 
the axial drop in the space between the jet and the perforated wall, pe r formed by the differential alcohol 
manometer  15, is a gage of the presence  of an axial s t ream along the jet. 

The experiments  to determine the apparent  mass  were conducted in this order .  A p ressu re  P0 co r -  
responding to the number M a and the off-design factor  n which was determined by means of the relationship 

P o  - -  nPN 
(Mo) 

was built up ahead of the nozzle. 

Fur the rmore ,  a i r  was delivered to the chamber through the pipeline 7 until the rarefact ion H in the 
chamber was zero.  At this time the discharge through the pipeline 7 was measured.  By using the exten- 
sion, the dependence 

q ~--- Qap~_ ]c (/Via, n, x) 
q~ 

could be obtained in the nozzle. 

The size of the holes in the diaphragm d B was selected in conformity with data in [2] in such a way 
that when the stopcock 3 was closed the rarefact ion H in the chamber was not g rea te r  than 0.01 kg /cm 2, 
which afforded the possibil i ty of assur ing high accuracy  in measur ing H. 

The accuracy  of measur ing the apparent  mass  in the method considered is determined mainly by the 
accuracy  of measur ing the p res su re  in front of the measur ing plate and the p res su re  drop on it, which is 
evidently sufficiently high. 

Measurements  of the apparent  mass on the apparatus whose diagram is shown in Fig. 2 were car r ied  
out as checks. Here, the nozzle mounted at the end of a long pipe was placed in a diffuser.  Because of 
turbulent exchange with the surrounding medium in a length ~ the air  jet annexes a definite quantity of a ir  
and, hence, a rarefact ion is produced in the annular channel between the pipe and the diffuser,  which is the 
reason for a i r  from the surrounding space flowing into the channel through the smooth entrance.  The air  
discharge in the channel depends on the efficiency of the turbulent exchange on the section ~, par t icu lar ly  
on the number Ma, but the quantitative aspect  of this dependence is not general ly  evident. The fact is that 
the whole air  discharge flowing through the annular channel can provisionally be separated into two parts .  
One par t  is the quantity of a ir  which annexes the section of the jet of length ~, and the other produces an 
external accompanying s t ream flowing in the annular gap between the diffuser wall and the outer boundary of 
the jet. The problem is to extract  the apparent  mass of the jet from the total quantity of a ir  flowing through 
the annular gap. It was solved thus. 
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Fig. 3. Dependence of the relative apparent  
mass  on the distance from the nozzle exit for 
M a =2.53: 1) n = 0.5; 2)0.6;  3)0.8;  4)1.0;  
5) 1.6. 

The measurements  were made at the time when the 
jet touched the point K of its outer boundary (Fig. 2). It 
was assumed,  as is usually done, that the static p re s su re  
in the jet boundary layer  on the section ~ equals the p r e s -  
sure in the annular channel. Up to this time the p res su re  
at  the point K has been less  than the static p r e s su re  in the 
channel because of accelerat ion of the s t ream near the 
exit section of the diffuser. The difference between the 
static p ressu re  in the annular channel and the p res su re  
at the point K was measured by using an inclined alcohol 
differential manometer .  The discharge through the an-  
nular channel which was equal to the apparent  mass of 
the jet in the length ~ was determined by means of the 
measured total and static p re s su re  in the channel (at a 
distance from the entrance to it which would assure  
maximum equilibration of the velocity field) at a time 
when the difference between the p ressu re  at the point K 
and the static p r e s su re  in the channel became positive. 
Measurements  by this method were conducted only for 

M a =2 and M a =3, for a rated jet (n = 1) and relat ively small  values of~ .  The experimental  data were 
processed  in the form 

q = Qapp= f (Ma, x), 
Q0 

where Qapp is the apparent mass of the jet in the section ~ for n = 1, and Q0 is the discharge through the 
nozzle for n = 1. 

The experiments  were car r ied  out with cold air .  The nozzle assured  M a = 1.0, 1.53, 2.03, 2.53, 
and 3.01 would be obtained. The jet length under investigation was between ~ = 0-7. The air  d ischarges  
were computed by the method in [1]. 

Let us examine the resul ts  of the experimental  investigations which are  presented in Figs. 3-5. As 
is seen from an examination of the curves in Fig. 3, the quantity q depends pract ical ly  l inearly on ~ for 
small  ~, where the smal ler  the off-design factor  the c loser  this dependence is to the l inear .  For a con- 
stant value of ~ the apparent  mass diminishes as the off-design factor  grows.  For large ~, as is known, 
this dependence is l inear for the main par t  of the jet ffor a rated jet in every  case). The intensity of the 
apparent mass process  grows as the off-design factor of the escape diminishes.  

It is seen from Fig. 4 that the apparent mass depends l inearly on the magnitude of the inverse power 
of the off-design factor,  where the angular coefficients depend on the distance from the nozzle exit, which 
increases  as x grows. The lines q = f( l /n)  pass through the origin. 

The dependence of q on the number M a (Fig. 5) is l inear in l / M a w h e r e  it may be a s s u m e d  that for 
I / M  a = 0.22 the apparent mass tends to zero at all distances from the nozzle exit. 

The black symbols on all the graphs represen t  the resul ts  of measurements  using the method with 
the diffuser, and the open symbols by using the chamber with the per fora ted  wall. As is seen from an 
examination of the curves,  the measurements  by both methods agree completely. 

The experimental  resul ts  obtained for a distance ~ = 0-5 from the nozzle exit (which is of value for a 
specific class of problems re fe r r ing  to the base pressure)  are  approximated well by the formula 

[0.408--0.09) ; (1) 

and for the distance ~ = 0-7 by the formula 

q ~ - -  (0.375x+ 1.2.10-~exp~) --0.22 . (2) 
r l ;  , , 

It is interesting to analyze (1). F o r g ~  0, q ~ 0, and f o r ~  ~, q ~ ~. Fur thermore ,  for n 
-~ ~, which corresponds to jet propagation in a vacuum, q ~ 0. This is natural since in this ease the 
apparent mass does not general ly exist  (PN = 0). 
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Fig .  4. Dependence  of  the r e l a t i v e  a p p a r e n t  m a s s  on the o f f - d e s i g n  f a c t o r  
for  M a = 3 . 0 1 :  1) x = l ;  2) 2; 3) 3; 4) 4; 5) 5; 6) 7. 

F ig .  5. Dependence  of the r e l a t i v e  a p p a r e n t  m a s s  on the Mach n u m b e r  for  
n = I [1-6) see  F ig .  4]. 

F o r  n ~ ~ (because  Pa ~ ~) q ~ 0. This  a l s o  does  not c o n t r a d i c t  the p h y s i c a l  s e n s e  s ince  h e r e  
(for a f in i te  va lue  of Ma) P0 -~ ~ ,  and  t h e r e f o r e  Q0 -~ :~. Hence ,  the a p p a r e n t  m a s s  (for f in i te  PN) is 
s m a l l  c o m p a r e d  with  Q0. 

The c a s e  n ~ 0 c a n b e  r e a l i z e d  for  Pa ~ 0 a n d P b i  ~ ~.  I n t h e  f i r s t  c a s e Q 0  ~ 0 and n a t u r a l l y  
q -~ ~.  In the s e c o n d  c a s e  (PN ~ ~) the a p p a r e n t  m a s s  wi l l  be l a r g e  c o m p a r e d  wi th  the f in i te  Q0. F i n a l l y  
q ~ 0 when ( ( 0 . 4 0 8 / M a ) - 0 . 0 9 )  -~ 0, i . e . ,  M a ~ 4.55.  

It is  s een  f r o m  the a n a l y s i s  p e r f o r m e d  on (1) tha t  it  does  not c o n t r a d i c t  the p h y s i c a l  s e n s e  of the 
phenomenon  unde r  c o n s i d e r a t i o n  in a l l  p o s s i b l e  l i m i t  c a s e s .  

NOTATION 

M a 

n = P a / P I ~  

Pa 

P0 

Q0 
Qn 
Qapp  

q = Q a p p / Q n  
= x /da  

Ls the Mach n u m b e r  a t  the nozz le  ex i t ;  
Ls the o f f - d e s i g n  f a c t o r  of the e s c a p e  f r o m  the nozz le ;  
Ls the s t a t i c  p r e s s u r e  a t  the nozz le  exi t ;  
i s  the a t m o s p h e r i c  p r e s s u r e ;  
~s the s t agna t i on  p r e s s u r e  ahead  of the noz z l e ;  
is  the d i s c h a r g e  t h rough  the nozz le  for  the r a t e d  e s c a p e  mode (n = 1); 
Ls the d i s c h a r g e  t h rough  the nozz le  fo r  the o f f - d e s i g n  e s c a p e  mode (n ~ 1); 
~s the a p p a r e n t  m a s s ;  
is the r e l a t i v e  a p p a r e n t  m a s s ;  
is  the d i s t a n c e  f r o m  the nozz le  ex i t ;  

d a is  the d i a m e t e r  of the nozz le  ex i t  sec t ion ;  
~(Ma)  : 1/(~ + ( k - 1 ) M 2 / 2 )  1 / k - l ,  

1. 

2. 

LITERATURE CITED 

B. I. Monakhov, Measurement of the Discharge and Quantity of Liquid and Gas [in Russian], Gos- 
gnergoizdat (1962). 
B. A. Balanin, Vestuik Leningrad Univ., No. 7, 87-94 (1965). 

313 


