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FLAT SUPERSONIC UNDEREXPANDED JETS
USING A LASER SCHLIEREN METHOD

V. A. Kochnev and I, M. Naboko UDC 533.6.011.5:621,375.826

1. Interest in flat jet flows arose due to progress in nonequilibrium physicochemical kinetics, creation
of gasdynamic lasers (GDL), and solution of other problems arising in the newtechnology. In particular, in
modeling GDL, flat jets have certain advantages over the usual nozzles: for example, they provide maximum
expansion velocity of the flow with planar geometry. However, the interrelation of the kinetic and gasdynamic
processes occurring in the jets, as well as the presence of viscous effects, manifested, for example, in the
formation of boundary layers, complicate the study of supersonic, high-enthalpy, gas jets and require that
these jets be experimentally studied.

The purpose of this work is to investigate gasdynamic characteristics of a flat jet: experimental deter-
mination of the density profile along the center of the stream tube of the jet and numerical estimates of the
boundary layer, arising on the lateral surfaces bounding the jet, based on a theoretical analysis. The proposed
experimental method, which has high sensitivity and temporal resolution =1 usec, is based on measuring a se-
quence of density gradients, relating to different cross sections of the flow studied with the help of the laser
schlieren method [1].

There are several papers concerned with investigation of flat jeté flowing out of a sonic slit nozzle into
a space bounded by two parallel surfaces {2~5]. The wave structure of such a stationary flow was studied by
the shadow method in [2~4]. A generalizing dependence of the location of the central jump as a function of the
determining parameters was obtained in [4]. The results are compared with data for axisymmetrical jets, In
some regimes, separation of the boundary layer, forming on the lateral surfaces bounding the jet, is observed
[2]. The flow field of a flat, weakly underexpanded perfect gas jet is calculated in [5] using the stabilization
method,

From an analysis of the theoretical model both for flat and for axisymmetrical jets, it is possible to ob-
tain a generalized relation for the density distribution at the center of the stream tube [3]:
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p(@)/pe = Blzld)~(7+1, (1.1)

where x is the distance along the Ox axis from the nozzle cutoff, and the origin of the axis is situated at the
center of the critical section (Fig. 1); o (x) is the density at distance x; dg is the diameter of the nozzle cut-
off in the case of an axisymmetrical jet or slit height h for a flat jet; j = 1 and 0 for flat and axisymmetri-
cal jets, respectively; B is a coefficient that depends on the composition and thermodynamic state of the gas,
as well as the flow geometry; e is an index relating to parameters at the nozzle cutoff.

In Fig. 1, the boundary of the jet is indicated by the number 1, while the numbers 2-4 correspond to the
suspended, closing, and reflected shocks,

The results of the experimental investigation of a free jet, flowing out of a slit nozzle, indicate the two-
dimensional nature of the flow [6], but the disagreement between the measured values of the density and the
corresponding calculations attains ~80-100%. In [6], an electron-beam technique was used to determine the
dengity and the calculations were performed by the method of characteristics.

In [7], an electron-beam probe was used to establish the validity of the assumptions as to the type of
flow from the source in the near-axial stream tube of an axisymmetrical jet for coordinate x greater than
several units, i.e., the validity of relation (1.1) for the regimes examined,

One of the problems addressed in this investigation is to determine the possibility of using a model flow
from a cylindrical source to describe the flow in a flat jet.

2. The experiments were performed in a two-dimensional chamber (TDC), which was connected to the
end-face of a shock tube (ST) (Fig. 2). The inner diameter of the tube was 50 mm, the length of the low-pres~
sure chamber (LPC) was 3 m, and the length of the high-pressure chamber (HPC) was 1.5 m. The closing
section of the LPC was the observational section of length 200 mm.

Helium was used as the pushing gas. The velocity of the shock wave was measured at two base lines 266
and 94 mm using piezoelectric sensors S, 8,, and S; (Fig, 2) to within 2% . Within the limits of the error indi-
cated, the velocity of the incident wave was constant on the baselines S;~S; and in addition the distance be-
tween the end-face and the sensor S; was 40 mm, The following notation is used in Fig. 2: 1) system for in-
jecting gas into the HPC; 2) the system for evacuating the ST 3) system for injecting gas into LPC; 4) sys-
tem for injecting gas into the TDC; 5) system for evacuating the TDC; 6) OKG-13 laser, E indicates knife
edges cutting the diaphragm; Kj, K,, and K; are the emitter repeaters; G5-15 is a pulse generator; F5080 and
Ch3-33 are frequency meters; and, S8-2 and S1-17 are oscillographs.

The two-dimensional chamber (TDC) with the slit sonic nozzle (N) was intended to create and study
pulsed two-dimensional jets and had the shape of a rectangular parallelepiped with the following inner dimen-
sions: height, 480 mm; length, 280 mm; width, 45 mm, The plane of symmetry, in which the axis of the tube
and the center line of the critical section of the nozzle are located, is perpendicular to the two parallel side
walls bounding the jet and separate the TDC in half along its height, The nozzle gap of width h = 1.0 mm or
h =0.3mm was cut in the nozzle insert (N), The input slit width and length of the contracting part were a = 5
mm and b = 3.4 mm (Fig. 1), respectively, Windows with diameter 75 mm, making it possible to probe the jet
optically, were placed symmetrically directly behind the nozzle in the sidewalls of the TDC.

To measure the density gradients, the well-known highly sensitive quantitative laser schlieren method
was used. This method has recently been widely used in investigations using shock tubes and also for studying
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more complicated flows, for example, boundary layers in a hypersonic flow [8]. The theory of the method is
described quite completely in [1, 9].

An OKG-13 helium—neon laser was sued as the source of the laser beam in our investigations (Fig. 2)
(A =632,8 nm), The diameter of the laser beam (distance between e points) was decreased from ~1,5 to
~0.8 mm with the help of a simple telescopic system consisting of two lenses situated between the laser and
the flow being studied. The divergence of the beam was 4 - 107 rad.

The laser beam passed in the plane of symmetry perpendicular to the Ox axis through the window of the
TDC and was incident at a distance 4 m on a Foucault knife edge, placed in front of the FEU-51 radiation de-
tector, Light filters, limiting the transmission band, a neutral filter, decreasing the intensity of the laser
radiation, as well as a matted diffusely scattering screen, to illuminate the photocathode more uniformly, were
placeq directly in front of the FEU. The entire optical part (lenses, mirrors, knife edge, as well as the laser
and FEU), to avoid transmission of vibrations from the shock tube and pumps, was placed on a special bracket
not connected to the shock tube and fixed on the wall,

The sensitivity of the experiments permitted recording density gradients ~107¢ g/em? The estimated

linear displacement of the beam in the flow in the entire range of gradients recorded did not exceed 0.02 mm,

The experiments were performed with carbon dioxide gas (CO,) and a mixture of carbon dioxide gas
with nitrogen (0.3CO, + 0.7N,), where 0.3-07 are the molar fractions of CO, and N, in the mixture, respec-
tively, The thermodynamic parameters in the shock-heated gas plug behind the reflected shock wave at the
end-face of the shock tube were calculated from the measured velocities of the incident and reflected shock
waves and are presented in Table 1. The velocities of the reflected shock wave, measured on the base between
the end-face and the sensor S; were less than the values computed using the ideal theory. The difference
constituted 22-30% depending on the regime. Equilibrium temperatures, obtained with the help of the meas-
ured velocity of the shock wave, were 4-6% lower than those computed from the velocity of the incident wave
and are presented in Table 1,

Table 1 also contains information on the initial pressure in the two-dimensional chamber p, and the co-
ordinate sections X = x/h at the center of the stream tube of the jet, in which the measurements were per-
formed. For each regime, indicated in Table 1, a series of 3-5 experiments were performed in a single sec-
tion,

To eliminate possible systematic errors, the measurements were performed using different models of
lasers, FEU, emitter repeaters, and oscillographs, one of which had memory, and the magnitude of the signal
recorded was obtained by averaging two oscillograms,

The relative error of a separate measurement of the density gradient dp(x)/dx was not more than 12.5%
and was determined primarily by noise in the signal,

The quasistationary stage of efflux of the jet, when in the measured sections a stationary value of the
signal recorded was established, was studied. The time for establishing the quasistationary efflux regime was
~150-200 ysec.

Analysis of the experimental data using statistical methods showed that for each regime (see Table 1)
1g } dp/dx‘ as a function of Ig x can be represented in the interval studied by a linear regression with signif-
icance coefficient 0.95 and, thus, the dependences of dp/dx on x are expressed by a power-law function,

After the value of the gradient dp/dx obtained in each separate experiment was put into dimensionless
form with the help of the density p, and the height of the slit h, the experimental points, related to different
regimes, were grouped so that it was possible to describe the profile of variations in the gradient dp/dx of
a single function of X for each gas and slit size h:

dpldz = B(z)=P, (2.1)
where p = p(x)/p,.

The 95% confidence interval found permitted determining the interval of values of dp/dx, which, for
example, for a CO, jet from a slit h = 1,0 mm with X = 10; and 15 constituted 8 and 10% of the value of the
function, respectively.

The density profile p (X) was determined by integrating relation (2.1):

0(@) = Cy@)=7 + Coy (2.2)



TABLE 1

Slit width b, mm ‘ 1,0 ' » 0,3
- Composition of out- Co, » 0,3C0,~-0,7N, Co,
flowing gas i :
Veloc1ty of incident
shock wave-km/ :
sec 1,32 1,03 1,45 1,34 1,32
LK 1800 . 1250 2070 1810 1800
Po» g/cm? : 3,810 | 2,67.10% | 4,67.10% | 1,51.4073 | 3,88.403
Doy P2 1,26.406 | * 6,1-40° 8,2.10% 6,7-10° 1,26.10¢
Poy» Pa 5.103 5-10% ) 5.-10°%
z : 5; 10; 15 5 10; 15 17; 33; 40
where Cy=B/(1—B);y =8 — 1; C; is a constant of integration. The density distribution at the center of the

stream fube is known to within the constant C,, whose value must be determined from boundary or other phys-
ical conditions.

To solve the problem of determining the constant C,, we shall examine the density variation in the cen-
tral stream tube for flows close to the one examined. As shown in [10], the presence of nonequilibrium physi-
cochemical processes, occurring in jets, has little effect on the density profile, For this reason, a simple
model, which, possibly, will permit estimating the distribution p (X) in the central stream tube, is represented
as a model of cylindrical expansion of a perfect gas. From the calculation it follows that for any Y= cp/cV
the profile of p(x) is approximated by a linear function in logarithmic coordinates, beginning with x = 4 (see,
for example, curve 4 in Fig, 3), i.e., the density distribution can be expressed as a power-law function in the
form

pa) = A= (2.3)
In addition, it follows from an analysis of a series of experimental and computational papers [5-7, 11,
12], in which jets and flows were studied in two-dimensional nozzles with a large flare angle, that for con-
tinuum flow in the central tube of the flow and for X = 2-4, the density profile along the stream tube indicated
can be approximated by a power-law function of the form (2.3), The corresponding values of A and « are
presented in Table 2,

Thus, starting from an analysis of the indicated papers, it was assumed that in the jet studied, in the
region near the axis for coordinates X = 5, the change in density is also approximated by a power law function
(2.3) and for this reason the integration constant C, in (2.2) can be set equal to zero,

3. The profiles of the relative density distribution obtained p(X) are represented in logarithmic coordi-
nates in Fig, 3. The functions 1 and 2 correspond to jets of CO, and the mixture (0.3CO, + 0.7N,) for a slit
h = 1.0 mm, while the function 3 was obtained for the CO, jet and h = 0,3 mm. The values of the coefficients
A and ¢ in the approximating dependences of the type (2.3), as well as the corresponding gas dynamic efflux
conditions are presented in Table 2, This table also presents analogous data taken from papers in which the
flow was studied in flat jets [5], in free jets flowing out of a slit nozzle [6], in two-dimensional nozzles [11,
13], as well as in axisymmetrical jet flowing out of a supersonic nozzle [7], Table 2 presents the distributions
obtained by the method of natural coordinates [12] and the results of the calculation of a model of cylindrical
expansion.

_ The ratio of the sides of the slit is indicated by 7/h; the jet height-to-width ratio is indicated by L/h
(see Fig. 1). For an axisymmetrical jet, the characteristic size is the diameter of the output section of the
supersonic nozzle de.

It follows from a comparison of the data in Table 2 that the coefficient characterizing the degree of ex-
pansion of the flows varies from 0.6-0.7 for two-dimensional nozzles up to ~ 2 for an axisymmetrical jet. For
the distributions in this work, coefficients o = 0,957~1,02 are obtained, which are less than the corresponding
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computed values { 12], as well as the values found experimentally in [6] for measurements in a free jet, The
fact that the density profile at the center of the stream tube of the nozzle with a large flare angle (70°) has

o > 1[11] can be explained by the fact that only the initial section of the flow, which could correspond to a non-
steady state stage of the efflux, is examined. In this case, as is well known [13], the variation in density p (x)
corresponds to a steeper dependence,

It follows from a comparison of the data presented in Fig, 3 that profile 1 is situated below profile 2 by
10-15%. This is evidently related to the deeper expansion of CO, on the section of the jet before freezing of
the vibrational degrees of freedom. Curves 1 and 3 were obtained for identical efflux regimes of CO,, but for
different h and X. Profile 3 is situated above the extrapolated profile in region x = 17-40 of curve 1 by 8-10%,
which could be related to the different magnitude of the boundary layer, arising on the surfaces bounding the
jet and different degree of freezing of the flows.

Distribution 4 was obtained from the cylindrical expansion model for y = 1.4, while 5 was obtained by the
method of natural coordinates [12], likewise for y=1.4, The curves 4 and 5 intersect approximately at the center
of the interval of variation of ¥ examined, while at the edges the difference does not exceed 12%. But, both are
situated below the experimental curves (1-3). The disagreement, depending on the distributions compared and
the-coordinates x, ranges from 6 to 50%. The smallest differences occur for functions 1 and 5 at X = 5, but
already at x = 15 it constitutes ~20%, while comparison of the dependences 2 and the coinciding dependences
4 and 5 at X = 15 gives a difference of ~45%.

It likewise follows from an examination of Fig, 3 that the experimental distribution for a free jet 6 lies
higher than the distribution of this work (1-3), although in a free jet a deeper expansion should occur. The rea-
son for this disagreement is not entirely known, but it could be a result of condensation of the cold jet (T =
293°K) {6] and the appearance of a systematic error in the measurements, if the effect of the condensate on
the electron~-beam measurements was not included.

Thus the density distributions found along the central stream tube differ considerably both from the dis-
tributions computed using the model [12] and obtained from an analysis of the cylindrical expansion model. The
difference attains 50-60% and is evidently due to the influence of real gas properties, primarily viscosity, on
the flow,

4, Let us estimate the size of the boundary layer forming in the flows under study. This boundary layer
could be the reason for the deviation of the flows from a two-dimensional flow and can even lead in some re-
gimes [2] to separation of the flow from the walls in the flow region near the central shock.

We shall be interested in the boundary layer arising in the plane of symmetry of the jet, when the trans-
verse gradient of thermodynamic parameters can be neglected.

To estimate the size of the boundary layer under conditions of quasistationary flow, the closest model is
a model in which an accelerating compressible gas flow with gradient along the flow along a flat semiinfinite
plate is examined. The conditions along the edge of the plate correspond to the conditions in the critical sec-
tion of the nozzle, The boundary layer in the sub- and transonic regions was negelcted.

The nature of the boundary layer was determined by the Reynolds number of the source in the critical
section of the nozzle Rey = pyuxh/ug where p, and u, are the density and viscosity of the gas under stagna~
tion conditions,

Under the conditions of the given experiments Rex = 10% which is typical for gasdynamic lasers and less
than the Reynolds number of the flow transforming into turbulent flow (Rep ~ 108~107 [14, 15)). Thus, a lami-
nar boundary layer is examined.
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As follows from an analysis of [16, 17], when Rey is of the order of 10% the effects of viscosity on the
characteristics of the GDL (CO,) can be neglected, while for Rex ~ 10% or less, viscosity leads to losses ex~
ceeding 10%.

Thus, in studying flow data, it is necessary to take into account the possible effect of the boundary layer
on the jet,

As a rule, the system of equations for the boundary layer can be solved only numerically. For estimates,
it is useful to use approximate analytic solutions or approximations,

An approximate solution for growth of the laminar boundary layer under conditions close to the model
under examination was obtained in [15]. The velocity profile near the axis, necessary for the calculation, was
found from the experimentally determined density distribution in the jet assuming an isentropic flow, The cal~-
culation showed that the boundary layer grows by an amount ~1,2 mm both for CO, and for the mixture 30%
CO, with 70% N, at a distance X = 25 for efflux from a slit h = 1 mm and ~ 2.5 mm for CO, at a distance X =
60 for efflux from a 0.3-mm slit.

The boundary layer forming on the lateral surface of the nozzle or the plate bounding the jet was calcu-~
lated numerically in [18]. A flow model was assumed in which the flow separated into two parts, The first
part involves cylindrical expansion of the gas to the final value M, where M = u/a is the Mach number, u is
the velocity of the flow, and a is the velocity of sound, and the second part is an ideal two-dimensional flow
with M_ . The growth of the boundary layer was examined only along the line of intersection of the plane of
symmetry with the lateral surface in the absence of transverse flows, For typical GDL conditions (Rex =~ 3+
10%) and planar geometry for CO, lasers [18], approximating dependences were obtained for M = 4.7 (X >
13)

£ = 5.25.403(z/k — 13) + 0,0244, 8%/ = 1.13(H*, (4.1)

where 6F is the thickness of the region of momentum expulsion.

Under the conditions of the jets studied, M., estimated from the maximum possible velocity uyax =
v 2H, where H is the enthalpy of the gas in the ''plug" at the end~face of the shock tube, constitutes ~ 5. It is
thus possible to estimate the quantity 6* from relations (4.1) for conditions realized in experiments, The
boundary layer growth 6 is ~ 3 times greater than 6* and is estimated to be ~1,5 mm both for CO, and for
the mixture (30% CO, + 70% N,) at the distance X = 25 with efflux from a h = 1-mm slit and ~3 mm for CO,
at a distance x = 60 with efflux from a 0,3-mm slit. :

Thus, estimates of the boundary layer arising based on the two models give close values. It follows from
the estimates that due to the existence of a boundary layer, the width of the jet in the range of x studied can
decrease by 3-10%. Such changes must be taken into account in measuring density gradients in the jet studied,
as well as in spectroscopic sounding of the jet,

Thus, the flat supersonic jets studied cannot be assumed to be two-dimensional, while the boundary layer
that arises must be taken into account in transmission measurements, since it attains appreciable sizes.

We thank P, A, Skovorodko for providing the results of the calculations,
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HIGH-SPEED GAS MOTION IN A POROUS MEDIUM

A. P. Ershov ~ UDC 532.546

The problems of motion of a gas in a porous medium have been solved repeatedly, starting with the work
of L. 8. Leibenzon, and mainly relating to filtration of gas in beds. Reference [1] has reviewed this topic. As
a rule, the Darcy resistance law is used, valid for small flow velocities. Even in this formulation the gas com-
pressibility leads to nonlinearity. Therefore, very few exact solutions of unsteady problems have been ob-
tained, and mainly to similarity problems [2-4].

There is presently an interest in high-speed gas flow, associated with the development of investigations
of two-phase reacting systems. In two-phase detonation or fast convective combustion [5, 6], the relative
speed of the gas and the particles can reach several hundred meters per second. To understand these proces-
ses and monitor numerical solutions in their modeling it is desirable to have accurate solutions of the un-
steady equations, For the problem of expulsion of a gas from a porous medium the author has obtained asymp-~
totic solutions describing the flow at sufficiently large time values.

1, Statement of the Problem. Ahead of the combustion front in a two-phase system there is a flow region
with no chemical reaction (the filtration zone or the air plug). The friction between the gas and the particles
in this region is overcome by the dynamic head of fresh combustion products.

We turn now to the following statement of the problem, A '"ligquid' piston, permeable for particles and
impermeable for the gas, is moving according to a given law in a porous medium, We require to find the mo-
tion of the gas ahead of the piston,

We assume that there is negligible motion of the particles because of the strength of the solid or the high
density, The Darcy law does not hold for high speed motion. In the free charge of particles of diameter 1 mm
and flow velocity 100 m/sec the Reynolds number based on diameter is on the order of 10%, Therefore, the
main contribution to the interphase interaction does not come from the viscosity, but from the inertia of fine-
scale gas flows. The real resistance law is quadratic, and we shall write it in the form f = A$u¥d, where u is
the gas velocity; & is the porosity; d is the particle diameter; and A is a coefficient on the order of 1, de-
pending on the porosity and the structure of the void space.

Since the particles are at rest, the porosity is constant, The basic equations for the gas have the form
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