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An investigation of the Mach disc and the Riemann wave formation
in impulse jets

V.V. GOLUB and I. M. NABOKO (MOSCOW)

THE SHOCK waves in nonstationary jets of shock-heated N,, Ar and CO; outflowing from flat
and axisymmetrical sonic nozzles have been studied experimentally. The pressure range
N = Poo[P = 20--200 was investigated. Here Pqo is the pressure behind the reflected shock
wave, P, is the pressure in the vacuum chamber. Schlieren photographs for the nonstationary
jet structure were obtained for different spatial orientations of the flat nozzle using a schlieren
installation IAB-451 and a spark light source. On the basis of the obtained schlieren photo-
graphs of jet formation, the nonstationary wave structure of flow was reproduced. The geo-
metrical characteristics of the nonstationary Riemann wave for three nozzles and different
values of n were generalized in dimensionless similarity parameters. A dependence between the
location of the Mach disc and time was obtained up to the stationary location. Moreover,
a comparison with the calculation was also made. An analysis was performed for the acceptance
of the model of suddenly introduced source to the studied flow.

Przeprowadzono badania doswiadczalne nad ogrzewanymi uderzeniowo niestacjonarnymi
strumieniami N, Ar i CO, wyplywajacymi z plaskich i osiowosymetrycznych dyszy diwie-
kowych. Rozwazono ci$nienia w zakresie N = Poo/Pw = 20200, przy czym Poo oznacza
ci$nienie za odbita fala uderzeniowa, a P, jest ci$nieniem w komorze prézniowej. Uzyskano
obrazy schlierena struktury niejednorodnego strumienia dla réznych orientacji przestrzennych
dyszy plaskiej stosujac instalacje schlierena IAB-451 i iskrowe Zrodlo swiatla. Na podstawie
uzyskanych zdje¢ schlierena powstajacego strumienia odtworzono strukture fali niestacjonar-
nej. Cha.rakterystykn geometryczne niestacjonarnej fali Riemanna dla trzech dysz i réinych
wartoéci n przedstawiono za pomoca bezwymiarowych parametréw podobieristwa. Otrzymano
zalezno$¢ miedzy polozeniem tarczy Macha i czasem, az do polozenia stacjonarnego. Przepro-
wadzono poréwnanie wyniku z obliczeniami. Rozwazono kwesti¢ stosowalno$ci modelu w przy-
padku, gdy do rozwazanego przeplywu wprowadza si¢ nagle Zrédlo.

ITpoBedeHB! 3KCIEpHMEHTABHBIE MCCIEJOBAaHMA YAAPHO HArpeBaeMbIX HECTAllMOHAPHBIX
norokoB Na, Ar u CO,, HCTeKalOMX H3 IUIOCKMX H OCECHMMETDHYHBIX 3BYKOBBIX COMe.
Paccmorpens! naBnenns B mHTepBade N = PoofPyp = 20200, npuuem Py — obosHauaer
JaBJIeHHE 33 OTPAYKEHHOH yaapHOl BOMHOH, a P, — 3T0 OaBlieHHEe B BaKymHo#i Kamepe. ITo-
JIydeHBI LUMPeH-N300pa)KeHUA CTPYKTYPh! HEOAHOPOAHOIO IOTOKA MJIA PasHBIX IpPOCTpaH-
CTBEHHBIX OPHEHTAalMil IJIOCKOrO COIUIA, MPHUMEHAsST YCTaHOBKY nupeHa IAB-451 m mckpo-
BBl McTOYHMK cBeta. Ha ocHOBe monyuyeHHBIX UUIHpeH-N306parkeHNi BOSHUKAOIIETo IIOTOKA,
BOCCTaHOBJICHA CTPYKTYpa HeCTalMoHapHO# BosHel. 'eomeTpHueckue XapaKTePHCTHKH HECTa-
IMOHAPHOI Bo/IHBEI Pumana, [JIsT TpexX COMEN M [JIA PasHbIX 3HAYeHHl 7, NpeACTaBJIeHE] IIDH
nomoiy Ge3pasMepHBIX NapamerpoB momoOma. ITonmydyeHa 3aBHCHMOCTE MEXKIY TIOJIOMKEHHEM
mucka Maxa u BpemeHeM BIUIOTh K CTAlMOHAPDHOMY IIOJIOYKeHHIO. IIpoBefeHO cpaBHeHMe
pesynsTaTa ¢ pacueramu. PaccMoTpeH BONPOC MPHMEHHMOCTH MOJEIH TeUeHHs OT BHE3AIHO
BKJIFOYEHHOTO MCTOYHHKA K HCCIENOBAHHLIM TEUCHHAM.

THE EXPERIMENTAL data on the formation of the wave structure of a three-dimensional
impulse jet are presented in [1]. The development of inversion, which is known in hydro-
dynamics for jets that do not have axial symmetry, was discussed. The authors continued
their studies and examined in detail the problem related to the motion and dimensions
of the secondary wave of compression, i.e. the analogue of the Riemann wave in three-
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-dimensional jets and the nonstationary Mach disc in axi-symmetrical jets. The results
of these studies are presented in this paper.

A reliable calculation of the distribution of parameters in an impulse jet can be made
if the wave structure and its rearrangement in time are known under the flow regimes
considered. At present these data can be obtained only by experiments.

The Mach disc and the Riemann wave are the determining elements of the wave struc-
ture of a nonstationary flow. But the assumptions made in [2-5] to substantiate the pre-
requisites of calculations of position and dimensions of the Mach disc and the Riemann
wave are contradictory. Empirical relationships are available, which connect the position
of the Mach disc on the axis of the stationary jet with flow parameters at the nozzle outlet
[6, 7]. In two-dimensional jets the distance up to the Riemann wave can be determined
with the help of formulae from [8, 9]. In [9] a generalized formula was proposed to deter-
mine the distance both up to the Mach disc in axisymmetrical jets and up to the Riemann
wave in two-dimensional jets. A detailed study of the transformation of a nonstationary
wave structure of the jet should help to reveal the nature of the dependence of the station-
ary structure on the determining parameter and to provide physical grounds for the
selection of initial data for calculating the position and dimensions of the Mach disc and
the Riemann wave.

The investigations were carried out in a 40 x40 mm? shock tube fitted with a 4-m
long low-pressure chamber with the help of a schlieren installation IAB-451. A plane
or an axisymmetrical nozzle was installed at the end of the shock tube. The shock-heated
gas flowed through this nozzle into the vacuum chamber. The tube and the vacuum
chamber were filled with the gas under examination. The pressure of the gas was 10-50
mm of mercury column, the Mach number of the incident shock wave was M = 2.5-4.
This ensured N = 20-200, where N = Py /Py (Poo — pressure behind the reflected shock
wave, P, — pressure in the vacuum chamber). The parameters at the end remained
unchanged ~ 500 psec.

The successive stages of flow were recorded both by taking frame-by-frame photo-
graphs (flash time 1 psec) on an aerial photographic film using spark light source (sen-
sitivity of the film in GOST units was 0.85-1000, photograph size was 45x 100 mm?)
and by continuous scanning through the use of flash light IFK-120 (flash time 1200 psec)
on a photographic recorder ZhFR-1 (the rate of rotation of prism was 1875 rpm). A 1.0
mm wide slit was installed on the window of the vacuum chamber along the axis of flow.
These two methods of registration complemented each other ensuring large resolution
of time and space. A detailed analysis of the jet structure was carried out from the photo-
graphs obtained with the help of the frame-by-frame photograph method. The develop-
ment of flow in time was also analysed by the continuous scanning method.

Two series of experiments were carried out. In the first series the longitudinal axis
of the nozzle was set parallel to the optical axis of the schlieren installation (Fig. 1a),
and in the second series perpendicular to the installation optical axis (Fig. 1b).

Because of the timing system used in the experiments, both in the first series and in
the second series the process could be photographed at different but pairwise identical
instants reckoned from the beginning of the gas flow. Thus it was possible to construct
the spatial model for the jet flow from a flat nozzle for different time instants.
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Figure 2a shows the initial region of the jet flow along the longitudinal axis of the

zzle while Fig. 2b shows the flow along the lateral axis of the nozzle. In these diagrams
tands for the jet boundary, 2 for the cylindrical intercepting shock, 3 for the Riemann
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wave, 4 for the reflected shock waves, 5 for the slip surface, 7 for the projection of the
interaction region of intercepting shocks 2, visible in Fig. 2a, with the spatial intercepting
shock 6 on the plane of the longitudinal axis.

Now consider the schematic representation of the initial region of the jet along the
lateral axis of the nozzle (Fig. 2b). The diagram shows three distinct regions.

Region I is the projection of the surface of the cylindrical intercepting shock 2 on the
plane. AB and DC is the projection of the shock 2 on the zx-plane. Region II is the pro-
jection of the Riemann wave BD on the yx-plane. Region III is the projection of inter-
cepting shocks which limit the jet on the sides, i.e. in the direction of +y. Unlike the
intercepting shocks 4B and DC whose surfaces are cylindrical, the lateral intercepting
shocks have a complicated three-dimensional surface. When the ratio a/b of the nozzle

29mksec

Fic. 3.
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diameters is reduced, cylindrical regions are also formed on the lateral intercepting
shock, and both the projections of the jet thus become qualitatively similar.

On increasing the ratio n = P,/P, (P, is the nozzle outlet pressure) the effect of rare-
faction waves which destroy the jet along the y-axis is faster than along the z-axis. This
accounts for the fact that as » increases, the width of the Riemann wave decreases while
the distance between it and the nozzle section increases from the same phase of the flow.

After the general structure of the three-dimensional impulse jet has been established,
we shall turn our attention to the study of the secondary shock wave. The Tépler pictures
of the outflow of N, from a flat nozzle (Fig. 3a) and an axisymmetrical nozzle (Fig. 4a)

TCor [TV

Fi1G. 4.

are shown in the photographs. Typical surfaces are shown in schlieren pictures. In these
pictures I stands for the trajectory of the motion of the surface of the primary shock
wave, 2 contact surface of the flowing gas, 3@ and 3b surfaces of the secondary shock
wave in the flowing gas. Figures 3b—f show five successive stages of the outflow of N,
from a flat nozzle. These figures were obtained making use of a spark light source.

Now we shall consider the distinctive characteristics of the flow which can be noticed
by correlating the photographs obtained by the frame-by-frame and continuous scanning
photorecording method. Both in the plane and axisymmetrical flow the gas moves with
intense formation of vortices. A very complicated interaction of vortices within the flowing
gas also affects the trajectory of motion of its front by large and small pulses. This in
turn results in the formation of sound and more intense density disturbances. On the
photographs between the trajectories of the motion of the primary shock wave and the
contact surface are seen the traces of theses disturbances which like any other disturb-
ance behind the shock wave catch it up and absorb it. These disturbances are one of
the causes that affect the self-similarity of flow.

In this paper we shall not examine the secondary wave 3a that appears in the neigh-
bourhood of the front of the flowing gas but shall study the wave 3b which tends to occupy
the quasi-stationary position of the Riemann wave and the Mach disc. Based on an analysis
of a large number of photographs, the nature of the motion of the compression wave
in the flowing gas, i.e. the non-stationary Mach disc (3b), was discovered. The curves
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of motion of the nonstationary Mach disc, when N, outflows from a sonic nozzle of a 4
mm diameter (z — is the precession time, C,, the velocity of sound in the critical section,
h the distance along the axis measured from the nozzle outlet up to the nonstationary
Mach disc, 7., the radius of the critical section) are shown in Fig. 45 in the dimensionless
similarity parameters h/r“]/ n and 7Ce/[re,J/n. As may be seen from Fig. 4b, during jet
formation the nonstationary Mach disc in the considered regimes exceeds its stationary
position by 10-15%,. Thereafter it returns back and occupies the quasi-stationary position
after ~140 psec from the beginning of the outflow. Moreover, as the Mach disc moves
towards the quasi-stationary position, it (Mach disc) vibrates with a small amplitude
(~7%) and frequency ~15 kHz, which are not reproduced from experiment to experi-
ment. The vibrations obtained in one of the experiments are shown by dotted lines on
the diagram. Now we shall examine how the quasi-stationary position of the Mach disc
achieved in our experiments will correlate with the position determined by the formulae
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given in [6] and [7]. From the graph (Fig. 5) it is clear that the experimental points are
sufficiently well-described by the formula from [6].

The formation of Riemann waves in three-dimensional jets was studied for the outflow
of N,, argon and carbon dioxide gases from flat sonic nozzles of dimensions 1.5 x 40 mm?,
2.2x40 mm? and 0.8 x 32 mm? critical section. One of the main characteristics of the
wave structure, i.e. the distance up to the Riemann wave in two-dimensional stationary
jets, is proportional to n. We shall use this criterion to analyse the motion of the nonsta-
tionary Riemann wave during the formation of a three-dimensional jet. To this end we
shall draw in dimensionless coordinates a dependence of the motion of the Riemann wave
in time at the initial stage (up to 140 usec) (Fig. 6). The dependences obtained for different
gases were approximated with the use of power functions of the type y = 4x*, where 4
and « are tabulated in Fig. 6.

As the formation time of the stationary flow of a two-dimensional jet is much larger
than that of the axisymmetrical one [10], the Riemann wave does not have time to occupy
its stationary position during that period of time when the parameters at the end of the
tube remain unchanged.
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Figure 7 shows the height d;, width 4, and the position & of the Riemann wave in
similarity parameters obtained for the N, jet. The parameters were recorded throughout
the “clear” experiment time (up to 500 usec). The curves of the position and the width
of the Riemann wave show that the wave structure formation is an oscillatory process and
the height d, measurement accuracy and the data scatter probably exceed the amplitude
of these oscillations. Therefore it was not possible to find a relationship between the
behaviours of d, and d, during the jet structure formation process.

Now we shall examine the problem of using the model of flow formation from the
source up to the flow under study. The wave diagram of such a model in x-¢ corrdinates
is shown in Fig. 8. In this diagram 1 and 3 stand for the primary and secondary shock
waves, 2 contact surface. The flow from cylindrical and spherical sources of interest to
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us is found to be qualitatively similar. For this reason we shall not draw a distinction
between them unless specified. The primary shock wave I which appears with the outflow
of gas reduces its speed with time and at infinity degenerates into a sonic wave. The contact
surface 2 also moves with deceleration and as the time tends to infinity, the velocity of
the contact surface decreases to zero and the pressure behind it asymptotically ap-
proaches the ambient pressure. The decrease in the motion of the contact surface is due
to the fact that the mass of the gas enclosed between the wave I and the contact surface
2 increases with time, the area of the contact surface also increases with time but the inflow
of impulse into the expanding system of the gas remains constant. The deceleration of
the surface 2 even at the initial stage of expansion results in compression of the inflowing
gas. At first compression takes place isentropically, but with the increase in time it occurs
in the shock wave 3, the intensity of which increases as the flow process it developed.
The shock wave tends to occupy the stationary position and there are regimes, as pointed
out by SiMoNs [11], when it runs its stationary position and only after that is returns to it.
At the initial stage of expansion the wave 3 moves along the nonstationary rarefaction
wave and in the course of time cuts it (see, for example, the experiments in nozzles carried
out by SMiTH [12]). Further it travels along the stationary rarefaction wave. Under certain
conditions the shock wave 3 starts moving almost immediately along the stationary rare-
faction wave (hypersonic source, ambient pressure is not very small). Such is the qualitat-
ive picture of flow in general terms. This is in compliance with the papers [11, 13].

Within the framework of the ideal fluid theory Simons [11] found asymptotic laws of
the behaviour of typical surfaces of the flow I, 2, 3 (Fig. 8). The approximated laws for
these surfaces at the initial stage of expansion close to the supersonic source were found
by CHEKMAREV [13]. The proposed formulae give results with an accuracy of 10%. Chek-
marev assumed that the wave 3 moves along the stationary rarefaction wave (this has
also been mentioned earlier) and the thickness of regions r, —r, and r,—r; < #,. Using
certain analogies with the self-similarity problems related to the motion of the convergent
shock wave and the flow caused by the expanding piston, he developed a mass and energy
balance equation. From this equation appropriate relationships for typical surfaces were
obtained. Apart from this, Chekmarev solved numerically the nonstationary problem
related to the flow of stationary cylindrical and spherical sources with due regard to



AN INVESTIGATION OF THE MACH DISC AND THE RIEMANN WAVE FORMATION 473

viscosity and heat conductivity at all stages of flow formation. The numerical calculations
corroborated that qualitative picture (described above) of the process and revealed that
the effect of Reynolds number on the flow is very small. It was also noted that the wave
3 close to its stationary position varies slightly (~3-49,). At the initial stage of the process
compression occurred isentropically in the wave 3. The approximate relationships which
describe the position of typical surfaces in the field of flow, are in good agreement with
the calculated data. On the basis of the numerical data Chekmarev examined some prob-
lems of modelling such flows. Now we shall see how the problems solved by Simons
and Chekmarev and the jet formatién problem will correlate with each other. It is known
that the solution for the steady-state flow from the stationary source is applicable to the
central part of the stationary jet. It would be a negligence to apply this method to the
nonstationary jet because:

a. The stationary isentropic rarefaction wave, which is present throughout the devel-
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opment process in the flow from the source, cannot be matched with any area of the flow
in the nonstationary jet;

b. In the model of nonstationary flow from the source, the secondary shock wave 3
after some time occupies the stationary position. But in the experiments carried out by
us for N = 20-+200 the jet formation is accompanied by the formation of two secondary
shock waves. One of them, i.e. the one located nearer to the contact surface (3a), is noticed
in the experiments carried out with different parameters (Figs. 3, 4, 9). Apparently its
existence is associated with the presence of a very vast zone of back-vortex motion close
to the front of the flowing gas. In distinction to the wave 3b the secondary wave 3a present
in the zone of backward motion of gas should be designated as “dynamic secondary wave”.
The existance of the other wave (3b) is determined by the value n and for n < 1 this wave
should not exist. Figures 3 and 4 show how the secondary shock wave (3b) for n > 1
tends to occupy the quasi-stationary position of the Riemann wave and the Mach disc
for the two-dimensional and axisymmetric flows, respectively.

Figure 9 shows schlieren photographs of jet structure formation when the jet outflows
from a flat and axisymmetrical nozzles with the geometric number. My e, = 3.5 (¥ = 1.4)
and n = 0.4. The figures on the photographs indicate the precession time in micro-seconds
reckoned from the instant whén the incident shock wave approaches the end of the tube,
and the Mach number of this wave. The Schlieren photographs show the development
of the dynamic secondary wave in the absence of the secondary wave 3b. This develop-
ment is related to the overexpansion of flow.

¢. Numerically calculated positions of typical surfaces in the gas flowing from the
source only qualitatively agree with the experimentally measured positions of correspond-
ing surfaces in nonstationary jets. The disparity is 30% and more.
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