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Wave structure and density distribution 
in a nonstationary gas jet 

I. M. NABOKO, V. V. GOLUB, A. V. EREMIN, V. A. KOCHNEV, 
A. A. KULIKOVSKY tMOSCOW) 

THE PAPER deals with the unsteady jet flow when the ratio of the nozzle exit stagnation pressure 
to the ambient pressure varies in a wide range. A specific wave pattern during the initial stages 
of the supersonic outflow has been observed. The observed wave pattern is found to depend 
on the physical properties of the particular gas. Consideration is also given to time dependence 
of the flow structure and the density distribution in the unsteady jet. The generalized data for 
the gas front along the flow are found to be in fair agreement with calculation by a spherical 
source model. The time taken for the steady jet to be established as observed in the experiment 
is found to be an order of magnitude longer than that obtained by calculations. 

Praca dotyczy nieustalonego wyplywu strumienia w przypadku, gdy stosunek cisnienia stagnacji 
wylotu dyszy do cisnienia otaczaj'lcego waha si~ w szerokich granicach. Zaobserwowano spe
cyficzny uklad fal w POCZ'ltkowych stadiach wyplywu nadd:lwi~kowego, zalei:ny od fizycznych 
wlasnoSci zastosowanego gazu. Rozwaiono r6wniez zmiennosc czasow'l struktury przeplywu 
i rozkladu g~stoSci w nieustalonym strumieniu. Stwierdzono dobr'l zgodnosc danych dotycZ'l
cych przebiegu frontu fali wzdlui: strumienia z obliczeniami wynikaj'lcymi z przyjcccia modelu 
sferycznego. Czas potrzebny do ustalenia sicc przeplywu mierzony doswiadczalnie okazuje si~ 
o jeden rZ'!d wielkosci wicckszy od otrzymanego na drodze obliczeniowej. 

Pa6oTa KacaeTcH HeycraHoBHBruerocH HcreqeHHH noToKa B cnyqae, Kor.n;a OTHorueHHe KPHTH
qecKoro ,D;aBJieHHH BbiXO,D;a COUJia K OKpy>Karoll.leMy .n;aBJieHHIO H3MeHHeTCH B lllllpOI<HX 
npe.n;enax. Ha6JllO.n;aeTCH cnenmlmqecKaH CHCTeMa BOJIH B HaqaJihHbiX cra.n;HHX. caepx3Byl<oBoro 
HCTeqeHHH, 3aBHCHIUero oT <PH3HqecKHX CBOHCTB npHMeHHeMoro ra3a. PaccMoTpeHo To>Ke 
H3MeHeHHe BO BpeMeHH CTpyRTypbl TeqeHHH H pacnpe.n;eJieHHH llJIOTHOCTH B HeyCTaHOBHBWeMCH 
noToKe. KoHCTaTHpOBaHO JIHWb npHeMJieMoe cornace .n;aHHbiX, KacalOII.lHXCH xo.n;a <t>poHTa 
BOJIHhi a.n;onb noToKa, c pacqenMH CJie.n;yiOn\HMH H3 npHHHTHH c<t>epuqecKoH Mo.n;enH. Bpe
MH Heo6 XO.n;HMOe .D;JIH ycraHOBJieHHH TeqeHHH, H3MepeHHOe :mcnepHMeHTaJibHO, OKa3biBaeTCH 
Ha O.n;HH llOpH.D;OK BeJIHqHHbl 60Jibllle, qeM BpeMH llOJiyqeHHOe nyTeM pacqeTa. 

THE FIRST experimental observation for a long period of time of a nonstationary out
flowing jet was made by the authors of [I]. The results of this work showed the failure 
of the ideal theory calculation to determine the time required for a stationary flow to 
develop [2], and indicated the need for a more detailed analysis of nonstationary stage, 
essential in many applied and fundamental problems such as pulse gas-dynamic lasers, 
rocket engines, evaporation of a substance from a solid surface by pulse laser 
radiation. 

Several theoretical studies are at present available, which describe the nonstationary 
jet from a source in terms of different models. Paper [3] studies an asymptotic behaviour 
of a primary or external shock wave, the contact surface, a secondary shock wave at the 
final stage of the process for the ideal gas. The behaviour of the secondary shock has 
been noted to depend on the ratio of the jet stagnation temperature to the temperature 
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of the ambient gas. The nonstationary outflow ·of viscous heat-carrying gas is considered 
in paper [4]. The author has found an approximate equation of motion of the jet front 
and has made numerical calculation of the flow parameters in terms of the Navier-Stokes 
equation. 

The formation of a stationary flow on the jet and in the nozzle proceedes through two 
stages: a stage during which all the disturbances associated with the jet front pass by 
a given point, and a stage of development of a steady-state flow. 

The establishment of stationary parameters upstream the secondary shock wave does 
not depend on the counter-pressure. The time required for the flow to become stationary 
is a function of the type of the flow symmetry and physical and chemical parameters of 
the gas. 

· The present investigation deals with nonstationary structure of the upstream gas 
dynamic portion of the jet outflowing into a vacuum chamber in a wide range of p0 /pa:J 
ratio (20-;-200, 103 , 108

) with p0 being stagnation pressure of the outflowing gas and pa:J the 
ambient pressure, for the air, Ar, N2 C02 and mixtures of N 2 + C02 +He at stagnation 
t;;!mperatures of up to 2500°K. 

The wave structure of the nonstationary jet was investigated in the detail with the gas 
outflowing into the vacuum chamber with a counter-pressure of 30-40 mm. Hg, the gas 
being heated by a reflected shock wave in a shock tube. The process was recorded by 
means of the type IAB-451 schlieren instrument with a spark source [1, 5, 6]. 

The photographs shown in Fig. I (a, b, c) illustrate successive stages of changing 
the structure of the nonstationary flow of N2 , Ar and C02 when the gas outflows through 
a slit. The pictures 2, 3, 4 as well as 5 and 6 for C02 give a typical disturbance associated 
with the front of the outflowing gas. 

The surface of the front of the outflowing gas (II in Fig. la) is a slip stream separating 
the vacuum chamber gas and the gas outflowing through the slit from the volume heated 
by the reflected shock wave in the shock tube. The surface has the same specific structure 
for Ar and N2 , and is somewhat different for C02 , in which case, it is more complex 
and more disturbed at the initial stage. The subsequent photographs show it to become 
more stable and distinct later on, and then to diffuse considerably later than in the cases 
of Ar, N 2 and air. 

The outflow of gas through a circular sound nozzle at the initial stage of the nonsta
tionary condition does not differ from that through a slit. In the immediate vicinity of 
the nozzle exit there develop disturbances associated with the outflow front (Fig. 2) and 
forming a system of rings. In the present experimental conditions three rings were formed 
during the first 45-75 [.!Sec. The second and third rings noticeably increase with time, 
while the size of the first ring remains constant and 100-125 [.L sec later its contours become 
indistinguishable in a turbulent structure resulting from the growth and disintegration 
of the second ring. During first 25 [.!Sec the disturbance formed before the outflow front 
is a front of interference of the disturbances of each of the vortex rings, i.e., the envelope 
of the disturbed region is not smooth and repeats the structure of the system of rings. 
After 35-45 [.L sec the front of the disturbed region is at a sufficiently long distance from 
the contact surface, is smooth and of an approximately elliptic shape with the large axis 
parallel to the flow. 
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FIG. 1. 
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The data were quantitatively processed by writing down approximation formulas to 
describe the propagation of the disturbance front with time. The results are conveniently 

presented in non-dimensional coordinates. The distance in X (x ~ :. ) where the disturb· 

ance is observed at a moment t , is shown as a function of non-dimensional time T = tc* , ,.* 
where c* is the critical sound velocity in the outflowing gas, r * is the critical radius of 
a nozzle and x is the coordinate along the outflow. The time T shows how the moment 
of observation relates to the time required for the disturbance to cover a characteristic 
dimension of the flow at the critical sound velocity. The latter quantity entering the defini
tion of T, carries information about the initial state of the outflow gas, as for the ideal 
gas it is a single-valued function of receiver temperature. 

2 3 4 5 

6 7 

FIG. 2. 

In the case of the shock-heated gas the gas parameters in the receiver are those behind 
the reflected shock wave. The equilibrium and completely frozen state behind the reflected 
shock waves in C02 , for the conditions corresponding to the Mach number M ~ 4, 
have temperatures differing by 20-25%. In N 2 the difference is much less, while in Ar at 
M ~ 4 ionization gives no noticeable change in temperature behind the reflected shock 
wave. 

When treating the experimental data, it is assumed that the state in C02 and N2 

behind the shock wa,ve corresponds to the equilibrium excitation of the gas molecules. 
The critical sound velocity was calculated neglecting the relaxation effects. 

These calculations are based on comparatively small effect of y variation on the sound 
velocity under the given conditions (6 -7%). In principle, the specific properties of the 
real gas when determining c* would be of importance particularly under the gas outflow 
conditions due to the reflection of shock waves with M ~ 4 in above-mentioned gases. 
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In coordinates X, T, the experimental points for each gas lie on a single curve, the 
curves being different for each of the gases under investigation. 

Table 1 

Coefficients 

Gas Shock wave front Outflowing gas 
front 

A (X A (X 

C02 3.8 0.71 3.2 0.68 
Ar 3.1 0.69 2.5 0.65 
N2 3.1 0.71 . 2.6 0.71 

The experimental curves can be presented on the portion of the dependence of T on 
X as the T to the cx-th power function: 

(1) ~ = A ( tc* )IX, 
r* r* 

where A and a are given in Table 1. 
The agreement between the curves plotted from these formulas and the experimental 

points is illustrated by Fig. 3. 

X 
75.-------------~----------~-----------r-

0 25 50 75 T 

FIG. 3. The time dependence of the shock wave position along the flow axis for the slit. 

From the approximation relations we may obtain formulas for the velocity 

(2) dx _ A ( tc* )IX-I 
--- a -- c*. 
dt r* 

The graphs of velocities for the case of outflow from the slit for the outflowing gas 

front are shown in Fig. 4. The velocity is related to the critical sound velocity (V= ':;: :.) . 
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The relations proposed are valid only in a region which is in agreement with the exper
imental points and cannot be applied to the final stage of the motion, since the conditions 
of transfer to the limit are not given in the relations of this kind . In the limit case the 
front of the compression wave propagationg in the vaccum chamber would move with 
the sound velocity until it is completly dissipated. The disturbance intensity may decrease 
differently, depending on the particular gas, but the compression wave velocity cannot 
be lower than that of sound in undisturbed medium. Therefore, the approximation curves 
for dxfdt are valid in the region t ~ 75 !J.Sec for N2; t ~ 100 !J.Sec for C02 and t ~ 175 !J.Sec 
for Ar. 

V 
3~----------~-------------.---------. 

0 20 40 T 

FIG. 4. 

As shown by Figs. 1 and 2 initially (t ~ 15 ~sec) the disturbance front in the vacuum 
chamber and the boundary of the outflowing gas are indistinguishable. The disturbance 
front follows the form of the boundary of the outflowing gas, but becomes smooth and 
distinctly separates from it at 25-30 !J.Sec. 

Using the approximation relations and the time dependences of the non-dimensional 
velocity derived from there it has been found that for a period Tin which the non-dimen
sional velocity exceeds 1.5, the wave front (and the outflowing gas front) move at a velocity 
exceeding that of the shock wave in the tube before its reflection from the tube end . 

The time dependences of the shock wave position along the flow axis, as obtained 
from experiment, are shown in Fig. 5. The shock wave was propagated by the front of 
the gas outflowing from the circular sound nozzle. 

x/r* 
60~----~-----,,-----,-----~r-----~ 

0 20 40 60 

FIG. 5. The time dependence of the shock wave position along the flow axis for the circular sound nozzle. 
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The curves shown in this figure are described by approximate relations of type {1), 
where A and rx are given in Table 2. 

Table 2 

Gas Shock wave front 

A 

3.04 
2.72 

0.66 
0 .63 

Coefficient 

Outflowing gas 
front 

A 

3.00 
2.62 

0.54 
0.52 

The flow field was investigated by the method of absorption of an electron beam, 
with nonstationary outflow of Ar and N 2 from a circular sound nozzle having a diameter . 
d* = 0.25 mm, receiver pressure p0 ~ 7 atm, at ambient pressure of Poo = 2 · w-s mm Hg 
room stagnation temperature of the outfl.owing gas and the ambient gas. As a result, the 
patterns of the gradient regions propagation at distances up to 600 d* along the flow axis x 
and up to 350 d* in the direction y normal to the axis have been determined [7]. 

I 

0.90 

0.95 

fst. 

St 

FIG. 6. 

X=320; Y=O 

100 fJSec 
~ 

At an early stage, the front of the outflowing gas in a finite pressure volume is preceded 
by a shock wave. With the initial density of the external gas, under the present conditions 
being (! 00 = 3 • 10-11 gfcm3 the primary shock wave which did not increase the density 
more than by a factor of 4 + 6, could not increase the density above the sensitivity thresh
old. Therefore, all recorded absorption signals correspond to the increased density of 
the outflowing gas. The time interval F 1 on the oscillogram (see Fig. 6) is identified with 
the arrival of the outflow front to the point being investigated. 

The time dependences of the shock wave position along the flow axis, as obtained 

f · h · · 7 h d" · 1 d" tc* d X x rom expenment, are s own m F1g. . T e non- tmenswna coor mates T=- an = -
'* '* are plotted -on the axes. 

The empirical approximations of the equations of the outflow front propagation are 
determined by the least squares method, taking into account the time dispersion depend-
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ence T on X coordinate. The dispersion has been found to change with an increase in X 
in proportion to X 2

• This can be accounted for by an enhanced scatter of the experimental 
data, due to the decreased sensitivity of the method as the density lowers with distance 
from the nozzle exit, as well as by enhanced irregularities in the flow dearly distinguish
able, e.g. in schlieren pictures .in papers [1, 5]. 

X=x/r* 
~00~-----.------.------.~~~· 

0 100 200 

FIG. 7. 

For the form of the equation of motion with an arbitrary exponent used in paper [5) 
it has been found that 

(3) T = 6.6+0.18Xt.06 

and this corresponds to curve 1 in Fig. 7. 
For the weighed regression in the form of a square trinomial it has been found (curve 

2, Fig. 7) that 

(4) T = 6.6+0.25X+6.6·Io-s X 2
• 

The free term in Eqs. (3) and (4) appears to be due to the delay in the outflow, and 
will be omitted further on. 

The variation pattern of the velocity of the outflowing gas front is determined on the 
basis of equation of motion (4). At a distance x of 80 to 1200 '*along the axis it is found 
to change from 1100 to 800 m/sec. 

The analysis of the data obtained at the periphery points made it possible to draw 
a general picture of the space propagation of the front. Fig. 8a presents the curves of 

the position of the outflow front in terms of X and Y where Y = L at different times, 

'* plotted over the averaged experimental data. As shown in the figure, the departure from 
the spherical symmetry of the flow is observed at a very early time (T""' 30, X- 200). 

Later, an axial symmetry of the flow, rather than a spherical one, becomes more pro
nounced and the outflow front less distinct. 

It should be noted, however, that the curves in Fig. 8 characterize the propagation 
of gas with a density, which is not below sensitivity threshold, which does not exclude 
penetration of a less dense gas into the periphery regions. 
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The propagation of the second absorption rise and of the moment of reaching the 
stationary flow is found to be of a less regular nature. 

Consequently, no analytical treatment was performed of the propagation of these 
flow regions, and consideration was confined to qualitative analysis. 

Fig. 8b illustrates propagation of the second absorption rise. It is seen that in this 
case the spherical symmetry is violated from the very early stages of the process. Fur
thermore, the curves of Fig. 8 cannot be regarded as equal-density curves, because they 
correspond to different levels of integral absorption, i.e., they characterize the integral 
density along the way of the beam. 

a 

X 
1200 

1000 

800 

400 

200 

200 400 

FIG. 8. 

600 

FIG. 9. 

800 1000 12DO T 

Fig. 9 presents an experimental time dependence of the propagation of the moment 
of establishing the stationary absorption along the outflow axis (curve 2). The asterisks 
show the values averaged over the data of 6-;- 8 experiments. Curve 1 in Fig. 9 is the motion 
of the outflow front 

In order to generalize the results obtained and to compare them with the data available 
for other regimes, as well as with calculation it was necessary to make use of the para
meters, not only taking into account the specific nozzle dimension, but also accounting 
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for gas expansion in the flow. Such parameters suitable for describing the initial stage 
of the flow from a source are proposed in pap~r [4]. 

Fig. 10 presents the motion of the outflow front in terms of C and r: 

{5) C = _!__ -. / f!oo , 

r * Jl (!* 

(6) 
T =:.V~:, 

t* = ~' u = ~ ar, (!*is the critical density and ar is the sound velocity at 
Umax y-

where 

stagnation conditions. Curves 1 and 2 correspond to Eqs. (3) and (4) which may be 
written in coordinates C and T as 

(7) 

(8) 

T = 0.86 CL 06 (curve J) 

T = 0.86 C + 5.1 C2 (curve 2). 

The horizontal dashed line represents the maximum value of C in the present experiments. 
Curve 3 is the motion of the outflow front in the experiments of paper [5]: 

(9) T = 1.4 C1.92• 

The difference in the range of C and r variation illustrates the difference of the physical 
conditio:os of expansion in the present experiments. 

FIG. 10. 

The hatch-dash line 4 is the calculation equation of the front motion obtained on the 
basis of paper [4]. 

(10) 

The asymptotic form of this equation of motion, considered in [4] shows that the square 
term becomes important with sufficient counter-pressure by the ambient gas. At an early 
stage of the expansion, or when the gas outflows into a vacuum, the front motion is shown 
approximately to be described by a linear law. This has been confirmed by the present 
experimental data. Thus, comparison of Eqs. (9) and (7) indicates ap. approximately 
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square-Jaw relation ( r - CL92
) at C ~ 1 and its approach to a linear form ( r .... , CL06

) 

at ' < 10~ 1 • 
For the equation of motion in the form of a quadratic binomial (8) it can be seen that 

the linear term exceeds the quadratic term in the whole range of the present experimental 
data. Extrapolation of this equation of the front motion to large parameters shows fair 
coincidence of the effective exponents in Eqs. (8) and (9) at C > I , which is an evidence 
of the important role, of the counter-pressure at this stage of the process. 

The low experimental value of the velocity at C > I, as compared to the calculation 
for the source, may be associated with the energy losses for vortex motion clearly seen 
on all schlieren pictures taken at a higher pressure in the receiver (Fig. 2). But in the exper
iments with low pressure (( < I0- 1

) the vortex motion might be a cause of the large 
scatter in the experimental data. 

p-10-2 gm!m3 p-10-2gm/m3 

40 4 

20 2 

920 160 0 160 32.0 y 0 y 

80 

60 6 X=B20 

40 4 

20 2 

32.0 160 0 160 32.0 y 0 y 

FIG. 11. 

If the results on the front propagation are generalized taking account of the temper
ature factor, the experimental values for shock-heated gas are found to be in good agree
ment with extrapolated dependence (8) for T = 300°K (curve 3a and dote-curve 2a in 
Fig. 10). 

Still another region of a sudden change in the density characteristic of the non
stationary outflow is the secondary shock wave. When the jet is formed in a volume with 
a comparatively high counter-pressure, a secondary shock wave is formed and observed 
in the vicinity of the nozzle exit, whereas at small values of Poo no secondary shock wave 
has been observed. 

Also worth noting is the information concerning the density and its variation with 
time and distance for specific conditions of the non-stationary outflow of Ar shown in 
Fig. 11. However, it is clear that the complex structure of the flow would require local 
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measurements. The data obtained in the present study by calculation, l:>ased on the meas
urements of the total absorption, can give only preliminary information concerning the 
_general tendency in the gas outflow close to the nozzle exit in the process of jet formation. 

The present investigation has shown that the initial stages of the supersonic outflow 
into vacuum chamber with a counter-pressure have a specific wave structure, close to 
the front motion of the outflowing substance. 

The non-stationar) wave structure of the gas-dynamic portion of the jet is specific 
for different gases. 

It has been found that none of the elements of the wave non-stationary structure associ
ated with the front motion of the gas becomes an elements of the stationary jet structure. 

In order to generalize the results obtained to the case of motion of the front of the 
outflowing substance along the flow, and to compare them with calculation of the models 
of the flow from a spherical source available in literature, the data are given in coordinates 
<:arrying the information on the flow boundary conditions. 

It has been found that time of formation of a stationary geometric structure of the 
_gas-dynamic portion of the jet is approximately by an order of magnitude higher than 
those which could be obtained from literature data. 

Density distribution in non-stationary rarefied Ar and N 2 jets has been plotted through
out the flow field for the non-stationary stages of process. 
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