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CALCULATION OF THE FLOW FIELD PAST SPHERICALLY
BLUNTED CONES NEAR THE PLANE OF SYMMETRY FOR
VARIOUS SHOCK LAYER FLOW REGIMES WITH
INSUFFLATION OF GAS FROM THE SURFACE

A. V., Bureev and V. I. Zinchenko UDC 533.6.011.536.24

We investigated flow past a cone, which has been blunted in a spherical fashion, over
a wide range of Reynolds numbers. Various flow regimes were realized in the shock layer.
The study was done within the framework of a completely viscous shock layer model, near the
plane of symmetry of the flow. In the shock layer for this flow, the problem of self-con-
sistent calculation for the plane of symmetry was treated in [1, 2] by means of a Fourier
series expansion of the pressure in terms of the circumferential coordinate. In [3], a
prescribed pressure gradient in the circumferential coordinate taken from tables of inviscid
flow was used to model a thin viscous shock layer. Here, we apply the truncated series
procedure [4], and analyze the effect of the angle of attack ap and taper angle f on the
heat exchange characteristics. The case where ap is significantly larger than R is included
in our analysis. We also analyze the effect of discharge quantity and the distribution law
of gas insufflating through a porous, spherical shell on the heat exchange characteristics.

1. Let us write out the system of equations for a viscous shock layer in the neighbor-
hood of the flow plane of symmetry in the natural coordinate system (s, ¥, n), attached to

the body axis of symmetry. Using an expansion of the coefficients and unknown functions of
the form

F=r +f2¢'2+ o (f=wu, v, H, p, u, p, h, ny),
o= onN + ..
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to an accuracy of 0(y?), we obtain for averaged characteristics, the following system of
equations (introducing dimensionless variables) [5]:

—;—S(pou.or) + Pl —;—b—i—(povorhl) =0, (1.1)
P'?lu > +povogn + 5 h pouovo %%4_ (1.2)

el B o 2-3)
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h
of B, cosa\ | by o [ u2 w2k
+82(h—1+ ~ \){Pr { +(PP2—1)5'~(70)]‘—H2%};
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We write the Rankine—Hugoniot relations on the windward side in the neighborhood of the
flow plane of symmetry at the shock wave n = ng. For the Reynolds number range of interest,
these are:

u50=cos(ocA—l—o)cos{:‘)s-[—Eg—sin[issin(ocA—[—o), (1.8)
30

.- 3 n
g = sin oy — 2 cos P (i —_ 1) sin (g + 0) =2,
Pso Ts

Vep = ¢0S (04 + 0) sin P — Fi—cos Pssin(os + o),

=7

in2
zvso—wJH,)M2 +(v+1) sin? (o + a4),
Psg=— W_—l——_i) sin a4 sin (0 4 w4) coso,
1 p—1 2 1 1

P VT NG Dentetay 0T =TT

M3 (v —1)
When reading off the coordinate ¢ from the plane of symmetry on the leeward side in (1.8),
one must change ap to —ap.

A manifestation of the elliptical character of the problem, due to the boundary condi-
tions, is the presence in wg; of the second term, which characterizes the curvature of the
shock wave surface with respect to the circumferential coordinate. When solving the prob-
lem, we analyzed the influence of ng, on the characteristics of the flow in the neighborhood
of the symmetry plane.

During insufflation there is, at the body (n = 0), the same state as in the incoming
flux,

uy = 0y = 0, (Povo) = (Pa0)ws(8)s Fo = Ry, (1.9)

The angle of incidence of the shock wave with respect to the plane of symmetry o is related
to the outflux ng, by the relation dng,/ds = h;g tan Bg, where Bg = 0 — «.
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In (1.1)-(1.9) and below, u, w, v are components of the vector velocity in the longi-
tudinal and circumferential directions, and along the normal to the body which tends to ve;
p, p are the gas pressure and density, tending to —pwv2x and pe, respectively; H = h + u?/2
is the enthalpy tending to |v?»;. T is the temperature, tending to characteristic value
T. = v2,/cns U is the coefficient of viscosity, which tends to its characteristic value
u:(T..,); hy =1+ kn, r = ry + n cos a are the Lamé coefficients; o is the angle of inclina-
tion formed with respect to the body axis of symmetry; €2 = px/(poVoRN) is a dimensionless
parameter (the inverse Reynolds number); uy = uo + T'u; Pry = pyPrPrp/(uPry + TupPr).

The coefficient of molecular viscosity is determined by the Sutherland formula

1 + C 3/2 ’110,4
=7 T =" .
<T+ C) (v —DH ML q (1:10)
(Twg is the dimensional temperature).

For the coefficient of turbulent viscosity ur, we used a two-layer model [6], which in
the dimensionless variables adopted here can be written in the near-wall region

0,16p_n* 12 0u
—_ 0 — LN | e L1
= —— [1 exp( AM = (1.11)
26y, [ P - B, B
A =¢? s U“[—;—(l — exp (11, 8vy)) + exp (11, 8vy) )
D Uw
vy . ?w— - 82M0 P, o u,
Uw—'z;;, U*——u‘/'ao‘, P=—W—0—S—, Tm——uwoawy
and in the outer region
e
] 6 o= 611
m=°2§890[1+0,3({—)] j(ueo—“&d”' (1.12)
e

0

The subscripts «, s, w, e are used to designate flow characteristics in the incoming flux,
behind the shock wave, at the wall and quantities on the outer boundary layer of the shock
layer, respectively. The subscript T denotes the characteristic of turbulent transport.

Calculation of the transition region of the flow was done with the help of formulas
from [7]. For flow past a spherically blunted body, the coefficient of intermittance I', in
a coordinate system attached to the stagnation point, has the form

— [ " -

$
f of tg —— '
I'=1—exp| — Dsins’ ), z, In (—i—) ,
du, s s
v 1tg 2 1 L
@t lr=o 1772 -
3up —1,34 1,02
© =——5Rey "%, B =60 +4,68M™".
et [ple
Pe
1 peueS’Q‘ U, 3
Here Rez= Pt My= (a—) , are the Reynolds and Mach numbers on the outer boundary
e €/ gtz

S,
L
at the point of stability loss for the laminar boundary layer. The coordinate of the point
of stability loss s'g, which corresponds to the start of the transition flow region, is es-

tablished from experiment, or calculated according to the critical value of the Reynolds
number

Mg

— 200, a**=§ pu. (1-—:’—)dn.

pe ue e

peueé**

Be

1
Re#** = ?
0
In the region of laminar flow, I = 0, while in the region of developed turbulence, I = 1.

2. The boundary-value problem described above is elliptical in character, and those
methods based on global iterations along the form of the shock wave [5, 8] are effective

methods for its solution. In calculating the system of equations (1.1)-(1.7), we used the
independent variables transformations [8]
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Within the framework of each global iteration, computation of the spherically blunted body
is carried out in a coordinate system attached to the stagnation point of the flow. In
this coordinate system, the flow is axisymmetric by procedure [9]. The subsequently ob-
tained profiles u', v' were recalculated near the transition to the initial coordinate sys-
tem (s, ¢, n) according to the formulas v, = v', u, = u', w; = u' sinop/sin(s — ap) and was
solved as a continuation problem.

In obtaining difference schemes for the parabolic and hyperbolic equations, the itera-
tion-interpolation method [10] was applied. For the turbulent flow regimes, we devised
composite difference schemes which took into account the character of the change in the co-
efficient of turbulent viscosity perpendicular to the shock layer. This made it possible
to carry out calculations up to Re = 10%-10% for various values of the insufflating gas
discharge from the surface of the body. Numerical integration of systems of parabolic and
hyperbolic equations in the subsonic and predominately supersonic regions of the flow was
done with the help of vectorization, which, within the limits of the global iteration, in-
creases the stability and improves convergence of the iteration process. The organization
of the global iteration coincides with that of [9]. The solution required several global
iterations.

3. Calculations of flow past a cone blunted in a spherical manner were carried out
for values of the governing parameters corresponding to those for an experimental study of
models in a wind tunnel [11]. Figures 1, 2 show the effect of the angle of attack on the
aerodynamic characteristics and heat fluxes towards the surface on the windward side for
flow past a cone with half-angle § = 5°, and radius of spherical truncation Ry = 0.0508 m
for experimental conditions [11]: M_ = 5, stagnation point temperature Tg, = 525 K, Ty, =
288 K, stagnation point pressure pg, = 0.625-10%, 3.125-10° N/m? for the laminar and turbu-
lent flow regimes. For this case, the governing parameters for the original boundary-value
problem are: y = 1.4, €2 = 1.13-10"%, 2.14-10"® for the laminar and turbulent regimes, and

hy = 0.33.

In the absence of gas insufflation, Fig. 1 shows the pressure distribution at the sur-
face py (curves 1 and 2), and the outflux ng, (curves 1', 2') for angles of attack ay = 0
(curves 1, 1') and 12° (2, 2'). The coordinate system is attached to the stagnation point.
The crosses indicate data from inviscid calculations, and the dashed line, data obtained
from axisymmetric flow past a blunted cone of half-angle 17°. This data illustrates the
possibility of applying the rule of local cones [12] to find gasdynamic quantities. For
the indicated values of €2, the distribution of pressure and outflux is virtually unchang-

. w oH Re
ing. The effect of the angle of attack on the dimensionless heat flux %D==(—i——3> VRe
Pr on Jw peov ShBO

(Re = peovs Rylttoo, s =V 2hyp0,0  corresponds to the stagnation point) for various flow regimes
in the viscous shock layer is shown in Fig. 2, where curves 1 and 2 were obtained for ap =
0 and 1' and 2' correspond to ap = 12° for the laminar and turbulent flow regimes, respec-
tively. Here the symbols for ap = 0 denote experimental data [11]. The distribution
qy(s') for ap = 0, B = 17° coincides (within the accuracy of the plot) with the computa-
tional results for apy = 12°, B = 5° in the shock layer for both flow regimes.
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The question arises of the degree of applicability of the problem setup used for grow-
ing angle of attack. For these same governing parameters, excluding M_,, which was taken as
equal to 6, Fig. 3 shows the distributions of py and ng, for ap = 10° (curves 1, 1') and

20° (curves 2, 2'). For ap = 20°, the solid curve is obtained by setting
sin oy Uy

- [1_$ns—a } 3.1
2(1-p—1—)sin(0+aA)c0sﬁsv (% 4) (3.1)

ns2
s
s0

in the boundary condition (1.8), which corresponds to wg; = sin ap-u¥go/sin(s; — ay). Here
u*g, is the value of the longitudinal velocity component behind the shock wave, taken at
the conjugate point s; of the spherical and conical parts of the body at the flow line.

The dot-dash curves correspond to the case where the shape of the shock wave is similar to
the body shape in the circumferential direction (ng,/rg = 0), and the dashed lines, to axi-
symmetric flow past a blunted cone with half-angles B = 15 and 25°, respectively. The
crosses correspond to inviscid calculations for flow at angles of attack, the circles to
calculations of axisymmetric inviscid flow past cones with half-angles 8 = 15 and 25° [13].

It is evident that when the angle of attack is significantly larger than the cone
angle, neglecting the effect of the shock wave curvature in the circumferential direction
has an effect on the governing aerodynamic characteristics of the body, and the calculation
of axisymmetric flow of the equivalent cones shows significant error in the behavior of the
pressure at the surface and outflux ng,. Similar conclusions follow from the behavior of
the heat fluxes along the generatrix qy(s'), shown in Fig. 2 for the given conditions with
ap = 10, 20° (curves 3 and 4). In turn, by means of a fairly simple method of sharpening
the boundary conditions for wg;, we succeeded in significantly expanding the region of ap-
plicability of the initial setup with respect to the governing aerodynamic characteristics
and the characteristics of heat and mass exchange on the weather side, in the flow plane
of symmetry in those cases where ap significantly exceeds 8.

For insufflation of gas through a porous, truncated sphere, we examine the effect of
the prescribed outflux law and the rate of gas insufflation on the heat flux towards the
body, near the plane of symmetry on the windward side. For the above-mentioned governing
parameters from [11], Fig. 4 shows the heat flux distribution qy (solid curves 1 and 2) for
the corresponding gas discharges (dot-dash curves 1 and 2) for (a) oy = 6° and (b) ap =
12°. The dashed curves are for heat flux towards an impermeable surface, computed by using
a coordinate system attached to the body axis of symmetry. For the prescribed dimensionless quantity

(0V),, ::(waolffﬁgk%év we examined the laws of change (pv)w(s) = const = 1.63, 1.55 (curves

1 in Fig. 4a and 4b). We also used the discharge (pv),(s) which follows from D'Arcy's law
for a porous shell with a prescribed pressure in the shell cavity pg

(PU)w=[—AM+ 1/(Ap)2+ ZB(Z (ps—pﬁ))]-z—% (3.2)

TLTI

Here A, B are the coefficients in D'Arcy's law; ¢ is the porosity; and L is the shell thick-
ness. In this case, the total mass of the coolant, insufflating on the windward side near
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the plane of symmetry R}y S(pmwoﬁnsds is taken as the same for both insufflation laws.
a4

From the data given here, it is evident that, despite the fundamental differences in
the heat flux distributions on the spherical part of the body, due to different discharge
laws (pv)w(s), the length of the thermal screen zone is largely determined by the total
mass of the insufflating gas-coolant. For the discharge laws considered here, it depends
only weakly on the nature of the distribution (pv)y(s) on the spherical truncation. The
pressure at the surface and outflux of the shock wave for the indicated insufflating gas
discharge values are virtually unchanged.

As in [14], we carried out an analysis of the solution on the conical part of the body
in the thermal screen zone for the turbulent flow regime. In the neighborhood of the plane
of symmetry, on the windward side, we obtain for the insufflation parameter

5

2 f (P9) g (5) sin sds (H oo — h)

b= 4

i () (5 = 51) (g + 1)

, This parameter characterizes the ratio of the mass of the insufflating gas to the product
of the heat transfer coefficient in the cross section s (in the absence of insufflation)
and a section of surface area (from the cut-off line of insufflation to the coordinate value).

Figure 5 shows the dependence of qy(s)/q%/(s) on b in the screen zone (q°; is the heat
flux in the given cross section in the absence of insufflation). The open and filled sym-
bols correspond to constant discharge and to dependence (3.2) for various angles of attack.
These results are in agreement with data for axisymmetric flow. The results make it possible
to estimate the heat flux towards the cone surface in the thermal screen zone on the wind-
ward side, where maximum values of qw(s) are attained in the flow, for various angles of
attack.

In conclusion, we express our deepest thanks to V. D. Gol'din for making computational
results of inviscid flow past an object available to us.
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INFLUENCE OF RAREFACTION ON THE UNSTEADY
IMPINGEMENT PROCESS OF AN UNDEREXPANDED
SUPERSONIC JET ONTO A PERPENDICULAR
OBSTACLE

A. V. Savin, E. I. Sokolov, UDC 533.6.011.8
V. S. Favorskii, and I. V. Shatalov

The destruction of a steady flow in front of an obstacle placed perpendicular to the
axis of an underexpanded supersonic jet is one of the most interesting physical phenomena
in jet flows. The essential feature of this is that a smooth quasi-steady variation of dis-
tance h from the nozzle to the obstacle or of the pressure ratio of the jet n = p,/p,, leads
to a sudden discontinuous breakdown of the steady flow: a wave structure in front of the
obstacle begins to oscillate with frequency of order several kilohertz (with nozzle exit
diameter dy = 10 mm), while the pressure at the obstacle varies with the same frequency.
In contrast to jet noise with constant inflow, which has a broadband spectrum, in an en-
closed space the acoustic field has clearly defined discrete frequencies.

At present, there are several hypotheses [1-4] concerning the source of these oscilla-
tions, which attests to the absence of a generally accepted theory. Also unclear is the
cause of the sharp transition to unsteady impingement. In this situation, to create a con-
clusive theory of this process, we expand the range of parameters over which this phenome-
non has been studied; this is as instructive for numerical modeling as for experiments. In parti-
cular, until now there has been almost no study of the influence of viscosity on the process
of unsteady jet impingement. Experimental results of this investigation are given below.

1. The experiments were conducted in a vacuum chamber of volume 10 m?® with pressure
Do = 10%-0.1 Pa. To measure the pressure, mechanical gauges, U-shaped manometers and thermo-
couple vacuum gauges were used. The full-scale pressures ranged from 10°-10? Pa, which al-
lowed variation of the Reynolds number Re, from 5 x 10% to 5 x 10°® for Mach numbers M, from
1 to 3.35 and n £ 500. The working gases were air and helium at temperature T, = 293 K.
The receiver with the nozzle and the obstacle were installed on three-axis translation

stages. The indices 0, ,, a, and @ refer to stagnation, sonic, nozzle exit and ambient con-
ditions, respectively.

To measure the pressure fluctuations at the obstacle, type IS-2156 piezoelectric trans-
ducers were used. The diameter of the active transducer surface was 1.5 mm, while the char-
acteristic dimension of the jet under study was 25-30 mm. The resonant frequency of this
transducer is greater than 100 kHz, which allows measurement of frequencies up to 50 kHz.
The nonuniformity of the resonant frequencies of the transducers was checked by comparing
frequency spectra of each transducer with that of a capacitive microphone (Bruel and Kjaer,
model 4135). The discrepancy in the readings was lower than 3 dB in the range 0-40 kHz.
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