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vortex interaction. In a wake-like situation, the axial
velocity profile presents a deficit at the centerline with
the component wu, at r = 0 being smaller than the outer
value wu, ... i.e.. such a distribution corresponds to a
trailing vortex of a wing. In a jet-like case, the value
of the axial component u, at the centerline is greater
than the outer value.i.e.. a situation that occurs over
a delta wing at high angle of attack. We use the fol-
lowing perturbation for the axial velocity excess/deficit
representation (1):

Uy (1) = Ugge(Auy — 1)e= /07 (3)

where b is a conventional thickness of the axial profile.

To examine transients during the initial stages of the
flow computation. Erlebacher et al.(8) featured three
types of the initial condition. Here, their third case(IC-
c in their paper) is used. and the initial conditions are
multiplied by a distribution function s(z), which is shown
in Fig.2.

4 : " T, 3 ®

Fig2. Initial distribution

Numerical schemes

The fundamental equations are discretized by using a
finite-difference method based on Jameson's
CUSP(Convective Upwind and Split Pressure Scheme)(®

To suppress the numerical inaccuracy to be occured
around a shock wave. anti-diffusive numerical fluxes are
also added to the above mentioned CUSP formulation,
according to LED(Local Extremum Diminishing) con-
cept proposed by Jameson(®).

RESULTS AND DISCUSSION

In shock/vortex interaction. the limit for shock-induced
vortex breakdown is determined by varying the swirl
number until evidence of negative values for the axial
component u, occurs. The critical swirl number has
been investigated experimentally and theoretically. Fig-
ure 3 shows the curve of critical circulatin €..;; com-
putationally estimated by Erlebacher et al (%), In ad-
dition. Mahesh'®) proposed a theoretical estimation for
the critical swirl number. For the validation of our com-
putational code and the examination of vortex break-
down. we computed the following cases: € = 3,4,5,06 at
M =2 and e = 2.3 at M = 5. These cases are denoted
as (a).(b).(c).(d).(e) and (f) in Fig.3 respectively. The
physical domain extends from z/rg = —4 to z/rp = 8
in the axial direction. and to r/ry = 5 radially.
Uniform upstream flow case

Flow structure for the cases where the upstream axial -
velocity component has no velocity excess/deficit is ex-
amined. Figure 4 shows instantaneous velocity vectors.
and density contours at the nondimensional time of 12.0
for the e = 3,4,5 and 6 at M = 2(corresponding to the
cases (a),(b),(c) and (d)) .and Fig.5 shows those for the
e = 2 and 3 at M = 5(corresponding to the cases (e) and
(f)). Supersonic stream flows from right to left with a
circulation e. As shown in Fig.4(a), case (a), the velocity
field shows no flow reversal and the density contours do
not show visible shock distortion. As € is increased, the
shock distortion becomes visible as shown in Figs.4(c)
and 4(d). The same occurs for the situations at M =5
as seen in Figs.5(a) and 5(b). For cases (c),(d) and
(f), shown in Figs.4 and 5, both large flow reversal and
strong distortion of shock appear. Evidence of the de-
celeration of the axial flow and shock distortion already
appear in case (b), as displayed in Fig.4(b). The com-
parison of Figs.4(a) and 5(b) enables us to understand
the upstream Mach number effect: large Mach number
induces flow reversal and strong shock distorsion, even
if € is small .

Figure 4(d) shows the results for case (d) with e = 6.
In this case, a large extent of reversal flow due to the
strong interaction can be seen. In a previous paper(”),
a sophisticated flow structure such as a vortex ring has
been visualized. Case(f), shown in Fig.5(b), also cor-
responds to the strong interaction where the extent of
the reversal flow generated by shock/vortex interaction
becomes wider than the radius of oncoming streamwise
vortex. These flow configuration agrees well with exper-
iment () and numerical computations(®.

14
6 wid) *
Breakdown |
s (c)
© g
44
Erlebacher et al.
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2 No breakdown o le)
2 3 4 5 6

Fig.3 Flow reversal swirl number.

Non-uniform upstream flow case

In order to examine the influence of axial velocity
excess/defict Au, defined by Eq.(3) on the flow struc-
ture, we computed the two cases: jet-like stream vor-
tex with axial velocity excess and wake-like vortex with
axial velocity deficit for e = 3 at M = 2 and ¢ = 2
at M = 5. Figures 6 and 7 show the resultant flow
configurations at t=12.0: density contours and velocity
vectors. From these results, we can say that a jet-like
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profiles of the axial velocity delays the vortex break-
down(Fig.6(b),Fig.7(b)), while a wake-like profiles makes
the vortex more susceptible to breakdown(Fig.6(a),Fig.7
(a)). This observation agrees with those reported in the
literature (1),

Vortex breakdown

In the present study, time evolution of flow field was
computed up to nondimensional time of 15.0. During
this time period, no flow reversal was appeared in the
cases (a),(b) and (e) as shown in Figs.4 and 5. In the
cases (c),(d) and (f) there are flow reversal,which means
the occurence of vortex break down. This results par-
tially support the flow reversal curve estimated by Er-
lebacher et al.(®)

Figures 8(a)-8(c) show the time evolution of the az-
imuthal velocity component ugy for the case (a),(c) and
(f). A strong reduction of swirl flow component down-
stream of the shock wave, is visible in the cases(c) and
(f). In case(a), there are no strong reduction of ug and
it seems to be able to penetrate the shock wave without
any disturbance.

Figures 9 and 10 display the pressure p(denoted by
Pc) and impulse function p + puZ(Ic ) along the x axis
(r=0) at t=14.0. Mahesh(® hypothesized that vortex
breakdown can occur when p downstream of shock wave
exceeds upstream one-dimensional impulse function p+
puZ. Figures 9 and 10 show that when Ic > Pc no
vortex break down occurs, while, when Ic¢ is nearby Pc
vortex breakdown occurs. Figures 11 and 12 also dis-
play the same situation when upstream axial velocity
excess/deficit exists. These results seem to support Ma-
hesh’s hypothesis partially, but a closer examination on
this hypothesis is needed before a final assertion con-
cerning the vortex breakdown phenomenon. One rea-
son is that Mahesh assumed a steady flow and a slender
vortex. This do not hold for the present computations:
flow develops timewise , normal shock position moves
downstream or upstream, and a three-dimensional vor-
tex structure and sophisticated azimuthal velocity dis-
tribution are generated.

CONCLUSION

Interaction between a streamwise vortex and normal
shock wave was numerically investigated by using a finite-
difference scheme for the solution of the axisymmetric
Euler equations. The present numerical scheme repro-
duces the key features of the vortex breakdown at M =2
and 5, namely, the flow reversal. The vortex breakdown
can generate a flow reversal resulting in a strong shock
distortion and a complicated flow structure. The in-
crease on the Mach number make the flow susceptible
for vortex breakdowon even at small swirl number. The
excess of the upstream axial velocity can suppress the
vortex breakdown inspite of the Mach number.

Theoretical consideration as when vortex breakdown
occurs in a shock /streamwise vortex interaction has been

done by Mahesh® based on a simplified flow configura-
tion. The present study seems to support his hypothesis.
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Fig.4 Density and velocity ; M=2, (a)e=3, (b)e=4,
(c)e=5,(d)e=6 .
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Fig.5 Density and velocity; M = 5, (a)e=2,(b)e=3. Fig.6 Density and velocity; M=2, e=3, (a)Au,=0.5,
(b)Au,=1.5.

(a)

(®)

Fig.7 Density and velocity; M =5, e=2, (a) M=2_’E=3 (b) M=2,e=5 (c) M=5,e=3
(a)Auy=0.8, (b)Auy=1.5. Fig.8 Time evolution of density and ug .
8
M=2 =140 60
M=5
=140

Fig.9 Pressure and impulse distribution

Fig.10 Pressure and impulse distribution
on the axis;: M =2 t=14.

on the axis;M=5,t=14.

M=2e=31=14 M=5ru2 tuld

Ic,Pc

Fig.11 Pressure and impulse distribution Fig.12 Pressure and impulse distribution

on the axis;M=2,t=14. on the axis:M=5.t=14.
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Analysis of Uniformly Sheared Large-Scale Turbulence Based on
Universal Equilibrium Theory

Nobumasa Sekishita and Hideharu Makita
Toyohashi University of Technology

ABSTRACT

Experiments were conducted on the quasi-equilibrium range of turbulence spectra for large-scale turbulent flow
fields with uniform shear; R, =360~650 and AU /7Y =2.7~11.9/s. The scale ratio between the energy
containing and the largest locally isotropic eddies I,//; ~ 4.6 for the sheared turbulence was far larger than 2.9 for

the quasi-isotropic turbulence. This fact shows that longer cascade process from I, to 5 is required to attain the

local isotropy under the effect of strong anisotropy induced by the velocity gradient. The minimum R, for the

existence of inertial subrange defined as I; ~ /; was about 100, where /; was the minimum nonviscous eddy. Then,
the Kolmogorov constant was about 0.55. The inertial subrange was substantially proportional to R; ' for both of

the quasi-isotropic and the uniformly sheared turbulence.
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