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Results  a re  given of an experimental  determination of the density and veloci ty of a r a r e -  
fied gas s t r eam in the range of M:r f rom 3.1 to 9.0 and of Reool cm f rom 45 to 1500. 

F r o m  the local mass - f low ra te  (p:cucr of a gas and the stagnation p res su re  behind a normal  shock 
(P~), one can determine the local values of density and velocity of a gas s t r eam issuing f rom a nozzle, 
without the postulate of flow isentropy [1]. Comparison of these quantities with the velocity and density 
determined on the assumption of isentropic expansion of the gas in the nozzle is a check on the accuracy  of 
determinat ion of the flow paramete rs .  

The l i terature  has a limited number of papers dealing with measurement  of local mass - f low rate,  
amongst  them [1-3]. 

Inthe present  work the local mass- f low rate  of a gas was determined by use of a mass - f low- ra t e  head 
with a sharp leading edge and an diverging inner channel (semiopening angle ~v = 25 ~ to avoid the fo rma-  
tion of detached shock waves, since only then do we have pccur162 = G / F  (Fig. 1). 

A previously calibrated sonic nozzle was used to measure  the mass- f low ra te  of gas through the 
head. The nozzle diameter  was chosen f rom the condition that the head should s tar t  up, i.e., that the shock 
wave should pass inside the intake. With an intake diameter  of 4 mm, the nozzle diameter  was chosen to 
be 3 ram. A photograph of the flow over the head (Fig. 2), taken by the glow discharge method, shows that 
there  is no detached shock for one of the modes. A s imi lar  picture was observed over the whole range of 
p res su res  investigated. In calibrating the head the forward section was connected to a burette filled with 
vacuum oil, and the r e a r  section to a vacuum rese rvo i r .  Then a supercr i t ica l  p re s su re  drop exists over 
the nozzle. The p ressu re  ahead of the nozzle is fixed, while that behind it, both in calibration and during 
the tests ,  remained at the level of 10 -3 mm Hg. The mass- f low rate  of gas through the burette was de te r -  
mined by the cons tan t -p res su re  method [4] f rom the rate  of r i se  of the oil in the burette. 

An experimental  determinat ion of the local mass- f low rate  and s t r eam density and velocity was per-  
formed in a low-density wind tunnel for the flow parameters  shown in Table 1. The flow parameters  were 
determined f rom the total head-tube readings and the parameters  of the gas in the stagnation chamber,  on 
the assumption of isentropic flow. This assumption was verified by investigating the t r ansver se  variat ion 
of P~. The flow Mach number M~o was determined f rom the rat io P~/P0- A cor rec t ion  was made for the 
effect of v iscos i ty  according to the data of [5]. The p ressure  in the total-head tube was measured  by means 
of a type MT-6 thermal  manometer  with an ins t rument  e r r o r  of • the p ressu re  in the stagnation cham-  
ber  was measured  by means of a U-tube manometer  to an accuracy  of f rom :L0.5 to :~5~c. Thus, the e r r o r  
in determining Moo was ~:2 to =~3~c. 

The gas-f low rate through the diverging head during the experiment was determined f rom the mea-  
sured p res su re  drop in the measur ing nozzle, using the resul ts  of calibration. The maximum e r r o r  in de-  
termining the flow rate  was • 
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Fig. 1. A sketch of the m a s s -  
f low-ra te  head. 

Fig. 2. Photograph of flow 
over  the mass - f l ow- ra t e  
head. 
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Fig. 3. Dependence of the veloci ty  uoo, m / s e c  and of density poo, kg /m ~, of the gas on the stagnation p res su re  
for  Moo = 8.2-9.0 (a), and Moo = 3.1-3.8 (b): 1) p~; 2) u~o. 

Fig. 4. T ransve r se  profi les  at  the nozzle r im:  1) P~/P~ y =0; 2) pu/(pu) u =0; 3) u /Uy =0; 4) p / p y  =0. 

TABLE 1. Exper imental  Conditions 

Po, N/ITI2 To, ~ M~ Re~Icm 

60--240 
5,3 .10~--1,15.104 
6,65.10a--2,40.10 a 

290 
290 
29O 

3,1~3,8 
8,2--9,0 
7,0-s,9 

45--120 
410--690 
800--1500 

Knowing the local flow ra te  and the stagnation p res su re  behind the normal  shock we could de te rmine  
the local gas veloci ty  and density. In fact,  we have 

~-1 

- -  / , , _ I ' I  2 

For Moo >> i ,  with ~t = 1.4, 

p| = 1.08Po 1 + 2--~- M-~-~ ~-~ 
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i .e. ,  the quantity p~u 2 can be calculated f rom the stagnation pressure  behind the normal  shock. There-  
fore,  f rom the value of p~u~ determined by the f low-ra te  head, we can determine p~ and u~. 

The values of density and veloci ty determined in this way a re  shown in Fig. 3. For  Mr > 7 the ca l -  
culation of p~u 2 was done f rom the formula p~u 2 = 1.08 P], while for M~ = 3.1 to 3.8 the value of M~ de- 
termined f rom P~/Po was used in Eq. (2). The solid lines in the f igures show the resul ts  of calculation on 
the assumption of isentropic flow in the nozzle. Some of the d iscrepancy in the resul ts  is c lear ly  due to 
e r r o r s  both in the experimental  and the calculated values of p~ and u~. 

The mass - f low head was moved ac ros s  the flow to determine the t r ansver se  density and veloci ty 
profiles in the isentropic flow core region. Figure 4 shows resul ts  of determining t r ansver se  profiles 
of p~u~, P~, p~, and u~ for an off-design condition of nozzle discharge:  

(Pk/P~ = 3,5; M| = 8.6; P0 = 2 �9 ]04N/mZ). 

It can be seen that both the stagnation p ressu re  behind the normal  shock and the local flow rate begin 
to v~ary simultaneously,  the increase  of P~ in the off-design condition with increasing distance f rom the 
nozzle axis being accompanied by an increase  of local mass- f low rate.  At the same time, the gas density 
begins to inc rease  and the velocity to fall off, which indicates the presence of a compress ion  region be-  
tween the isentropic flow core and the nozzle boundary layer.  

Thus, the use of the mass - f low head has enabled us not only to determine p~ and u~ for an isentropic 
expansion in a nozzle but also to conduct flow diagnostics in quite a thick boundary layer  at Mr > 1. 

p, U, P, T 
G 
F 
M 
Re 

NOTATION 

are, respectively, the density, velocity, pressure, and temperature of the gas; 
is the mass-flow rate of the gas through the nozzle; 
is the area of the intake; 
is the Mach number; 
is the Reynolds number. 

S u b s c r i p t s  

denotes pa ramete r s  of the oncoming s t ream;  
k denotes pa ramete r s  of the gas in the working section; 
O denotes pa ramete r s  of the adiabatically stagnated gas; 
' denotes pa ramete r s  behind the normal  shock. 

1. 

2, 

3. 
4. 
5. 

LITERATURE CITED 

J. Potter, M. Kinslow, J. Arne, and A. V. Bailey, in: Investigation of Hypersonic Flow [Russian 
translation], F. R. Riddell (editor), Mir, Moscow (1964). 
J. Krutil, Raketn. Tekhn. i Kosmonavt., No. 8 (1967). 
D. Esker, Raketn. Tekhn. i Kosmonavt., No. 8 (1967). 

Gosenergoizdat (1959). V. I. Kuznetsov, Mechanical Vacuum Pumps [in Russian], 
N. I. Yushchenkova and S. I. Kosterin, Inzh.-Fiz. Zh., No. 12 (1962). 

1495 


