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A simple inviscid model to predict the onset of breakdown in an axisymmetric vortex is proposed.
Three problems are considered: the shock-induced breakdown of a compressible vortex, the
breakdown of a free compressible vortex, and the breakdown of a free incompressible vortex. The
same physical reasoning is used in all three problems to predict the onset of breakdown. It is
hypothesized that breakdown is the result of the competing effects of adverse pressure rise and
streamwise momentum flux at the vortex centerline. Breakdown is assumed to occur if the pressure
rise exceeds the axial momentum flux. A formula with no adjustable constants is derived for the
critical swirl number in all three problems. The dependence of the critical swirl number on
parameters such as upstream Mach number, excess/deficit in centerline axial velocity, and shock
oblique angle is explored. The predictions for the onset of shock-induced breakdown and free
incompressible breakdown are compared to experiment and computation, and good agreement is
observed. Finally, a new breakdown map is proposed. It is suggested that the adverse pressure rise
at the vortex axis be plotted against the axial momentum flux to determine the onset of breakdown.
The proposed map allows the simultaneous comparison of data from flows ranging from
incompressible breakdown to breakdown induced by a shock wavel 99 American Institute of
Physics[S1070-663196)02112-5

I. INTRODUCTION tions supported the experimentally observed trends. The ex-
periments by Metwallyet al!! and Cattafesta and Setttés

A large body of information exist¢e.g. see the review extended the range of available data to Mach 4. Based on
articles by Hall, Leibovich? Wedemeye?, Escudief, their visualization of the flow, Metwallgt al! proposed a
Stuart? and Deler§) on the breakdown of incompressible qualitative picture of the flow-field resulting from the break-
streamwise vortices. Less is known about vortex breakdowgdown of the vortex.
at high speeds. An interesting example of supersonic vortex Rizzetta* obtained numerical solutions to the Reynolds
breakdown is the breakdown induced by the interaction otveraged Euler and Navier—Stokes equations, with the objec-
the vortex with a shock wave. The flow in supersonic engingive of predicting Kalkhoran and Sforza% experimental
inlets and over high-speed delta wings constitute technologimeasurements of pressure distribution on the wedge. The
cally important examples of this phenomenon, which isswirling supersonic flow in a circular duct was computed by
termed “shock-induced vortex breakdown.” Kandil et al>® who provided qualitative flow-field infor-

Gustintsevet al.” and Zatolokaet al® appear to have mation on the breakdown. The most extensive computations
conducted the earliest investigations into shock-induced voref shock-induced vortex breakdown are the recent calcula-
tex breakdown. The qualitative similarity of the flow to that tions by Erlebacheet all’ These workers studied the inter-
of a separated boundary layer was noted in these experiction between a streamwise vortex and a normal shock
ments. Subsequently, HorowitzDelery et al,'® Metwally ~ wave using the unsteady, axisymmetric, compressible
etal,” and Cattafesta and Settléshave experimentally Navier—Stokes equations. Mach numbers from 1.3 to 10
studied vortex breakdown induced by a normal shock. Thevere computed. In the same spirit as Deletyal,° a critical
interaction between streamwise vortices and wedge-attachesirl number was numerically identified at each Mach num-
oblique shock waves was experimentally investigated byser, and a breakdown map of swirl number against Mach
Kalkhoran and Sforz& number made. The trend observed by Delehall® was

Horowitz’ and Deleryet al* were the first to quantita- seen to extend to Mach 10; i.e., the critical swirl number
tively characterize the nature of the breakdown. Their experidecreased with increasing Mach number. Some interesting
ments studied normal shocks of strength equal to Mach 1.Geatures of the flow field were also highlighted.
1.75, 2 and 2.28. At each Mach number, they varied the swirl  The only attempt to quantitatively predict some aspect of
in the incident vortex and identified a critical swirl number shock-induced breakdown appears to have been made by
above which the vortex would break down. The results wereCattafest¥ who equated the ratio of swirl numbédown-
plotted on a “breakdown map” of swirl number against stream to upstreanmacross the shock wave to the velocity
Mach number, where it was observed that the critical swirlratio (upstream to downstreanacross the shock. By com-
number decreased as the Mach number of the shock irparing to experimental data, he obtained a value of 0.6 for
creased. A companion numerical study using the Euler equahe swirl number behind the shock wave. More recently, Er-
lebacheret all’ have proposed an empirical correlation be-
Aphone: (415 723-9599; Fax: (415 723-9617: Electronic mail: Ween the critical swirl number and the Mach number of the
krishnan@leland.stanford.edu shock wave, based on a curve fit to their data.
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Adverse pressure gradient A. The upStream vortex

Usor

g ) Studies of incompressible vortex breakdowie.g.
Darmofal®) suggest that the onset of breakdown is generally

\ 5 independent of viscosity for vortex Reynolds numbsased

:_’o z \‘; ooz > Poot on free-stream axial velocity and core radiggeater than
L pa<per | [ 7T i about 300. As a result, viscosity is neglected in this paper.
’ / The upstream vortex is therefore governed by the axisym-
Vortex metric, compressible Euler equations. It is readily seen that

# the profiles,

vg=ve(r), U=U(r), p=p(r), p=p(r) 1)
FIG. 1. Schematic of the interaction between a streamwise vortex and a. . . L .
normal shock wave. trivially satisfy the continuity, axial momentum and energy

equations. The radial momentum equation,

2
In this paper, we propose a model to predict the onset of @: PYe @

shock-induced vortex breakdown. The proposed model has dr r

no adjustable constants, and is compared to both experimeptains o be satisfied. Experimefit¥ show that the swirl
and computation. Also, the dependence of the critical SW'rbrofile of the Burgers vortex is a good fit to experimental
number on parameters such as the upstream Mach numbgfais However, the Burgers profile makes analytical solution

excess/deficit in centerline axial velocity, and shock Ob”q“edifficult. As a result, this paper uses the Rankine vortex as an

angle is explored. Two other problems are then ConSidere%ipproximation for the upstream vortex. Non-

the breakdown of a free compressible vortex, and free 'naimensionalizing the radial coordinate by the core radios

compressible vortex breakdown. The same breakdown critgs,ion wherey , is maximum and velocity by the peak value
rion is used in all three problems to predict the onset of o

, : of the swirl velocity (denoted byv 4, the swirl velocity
breakdown..FmaIIy, a new brealfdown map is proposed, thaﬁrofile of the upstream vortex is given by,

allows the simultaneous comparison of data from flows rang-

ing from incompressible breakdown to breakdown induced 7 ,=T7, T <1

by a shock wave.

This paper is organized as follows. A description of the 1
upstream vortex is first provided in Section Il A. This is T r=1, @
followed in Section II B by a description of the proposed
breakdown Criterion and expressions for the Critica' Swir|Where the t|lde iS Used to denote n0n-dimensi0na| Variab|eS.
number. Section Ill compares the model predictions to com-  The density varies with radius for a compressible vortex.
putation and experiment. The influence of centerline excesg/his paper considers two different idealizations of the ther-
deficit in axial velocity, and obliquity of the shock wave is modynamic field in the upstream vortex: spatially uniform
also discussed. The onset of breakdown in a free compresgtagnation temperature and spatially uniform entropy. The
ible vortex is discussed in Section IV. Incompressible vortex@ssumption of uniform stagnation temperature is prompted
breakdown is briefly considered in Section V. A new break-Dy experimental data. Delest al*° note that the total tem-

down map is then proposed in Section VI. The paper is Conperature in the upStI’eam vortex in their eXpeI’imentS is ap-

Metwally et al!! and Cattafesta and Settléseem to sup-
port this approximation. Cattafesta and Settles’ d&ig. 7
Il. STATEMENT OF PROBLEM of their paper show a deficit of about 4% of free-stream in
total temperature at the centerline. The idealization of uni-
form entropy is prompted by past theoretical and computa-
Wional studies on compressible vorticdg.g. Colonius
t al29).

Expressions for the centerline pressure and density for
the uniform stagnation temperature vortex and uniform en-
tropy vortex are obtained below. Defining the non-
(aimensional variables,

Figure 1 shows a schematic of the interaction between
streamwise vortex and a normal shock wave. The axial flo
is from left to right. The variableg andr are used to denote
the axial and radial coordinate respectively. The axial an
swirl components of velocity are denoted byanduv, re-
spectively, ang, p andT represent the pressure, density and
temperature. The subscriptse™ and “c¢” correspond to
values in the free-stream and the centerline of the vortex, an

the states upstream and downstream of the shock wave are p _ P I
respectively denoted by the subscripts “1” and “2¢&.g., p= o PT L T=7 (4)
P., denotes the free-stream pressure downstream of the < pe ”
shock wave. the radial momentum equation becomes,
A description of the incident vortex is first provided in _ ~
Section Il A. This is followed in Section Il B by an outline of @_ 'M Vo~ )
the model. ar ~ YU M)"p—=.
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The variabley denotes the ratio of specific heats and is takertex is less than the free-stream value; ig4,<p.1. Pressure

as 1.4 in this papef is the swirl number of the vortex, and rises across a shock wave; i.p.,,>p..1. The vortex there-

is defined ad’=v 4,/U., . M, is the free-stream Mach num- fore experiences an adverse streamwise pressure rise, which
ber, defined aM..=U./c... 'M,, will be recognized as the may be quantified by the pressure differengcg; — p.1. The

swirl Mach numberp g, /Co . fluid in the vortex has a certain inertia in the streamwise
Uniform entropy vortexif the entropy is spatially uni- direction, which may be quantified by the streamwise mo-
form, mentum flux,pclugl. Breakdown is assumed to occur if the

~_~y ©) axial pressure rise exceeds the upstream streamwise momen-
P=p" tum flux, thereby stagnating the flow; i.e., if
Expressing the density in terms of the pressure in the radial

2
momentum equation and integrating yields the following ex- —pu=pU2=p U2 1+ AU) 11
pressions for the centerline pressure and density: P=2™ Pe1= Pe1tc1= Perteet Ut (3
Pe=[1-(y—DI2m2]"0r-, where AU denotes the upstream excess in axial velocity at

(7)  the centerline. If the axial velocity is uniform, then
AU=0. The threshold for breakdown is therefore given by

Uniform stagnation temperature vorteXhe spatial uni- the relation,
formity of stagnation temperature requires that A
U2+v§ Ui pm2_pc1=pcluo2ol(l+ U

—ch —Tw+2—Cp. (8)

Pe=[1-(y=IZMIH~L,

U 2
i "
T+ =

10 . _ __ The axial velocity is assumed to be uniform through most of
Delery et al's™ experiments show that the axial velocity in this paper. The effect of non-uniform axial velocity is sepa-

the upstream vortex was nearly uniform; i8=U... Cat-  rately discussed in Section Il B. Equati¢h2) may be re-
tafesta and Settléson the other hand, observe a wake-like written in non-dimensional form for uniform axial velocity

profile. This paper assumes uniform axial velocity for thegs,
uniform stagnation temperature vortex. This yields the fol-
lowing expression for the non-dimensional temperature in  Po.,—Pe1= ¥pciM2;. (13

the vortex: _
We have already obtained expressions ey andp; in

y_l(FM )25 ,2 o) terms ofl’ andM.,;. The Rankine—Hugoniot equations for a
2 v normal shock expresp.., in terms of the upstream Mach
number, M. Substituting forp.;, pe; and p., into the

Ihe eqya_ltlon of st{;\te implies that=p T'_ Subsﬂtqtmg for. above breakdown criterion will therefore yield an expression
p andT in the radial momentum equation and integratingsq the critical swirl numbef . in terms of Mach number of

yields the following expressions for the density and pressurg,q shock wave for a vortex with uniform axial velocity. This
at the centerline of the uniform stagnation temperature VOaxpression is derived below.

T=1-

tex: Uniform stagnation temperature vortegor a uniform
_ (y—1) 2yl(y=1) stagnation temperature vortex, we hyg=7p.;. Substitu-
cz[l— TFZMEO} , tion into the criterion for breakdowfEqg. (13)] yields,
T =~ _3 (10 [
TC:]" Pc= pC' pcl:m, (14)

B. A criterion for shock-induced breakdown

A simple criterion for breakdown of the upstream vortex wherep.., is given by the Rankine—Hugoniot equations as,

is first proposed. The properties of the upstream voBoc- 2y
tion Il A) are then used to obtain an expression for the criti-  P.,=1+ Tl(Mfcl— 1). (15
cal swirl number above which the vortex would break down. Y
The br.eakdown criterion is based upon an _approxmatlon t%ubstituting fofp.; from Eq.(10) andp.., from Eq.(15) into
the axial momentum equation at the centerline of the vortex,
, i , Eq. (14), we get,
Note that as a result of axisymmetry, the radial velocity at
the centerline would be zero. When combined with the swirl =1, 2yl(y—1)
velocity being zero at the centerline, this suggests that thel — Trcrithl
flow near the vortex centerline would largely be in the

streamwise direction. The one-dimensional momentum equa- 1 2y )

tions may therefore be used to model the flow around the _1+7Mi1 1+ y+1(Mwl_1) ' (16)
vortex centerline.p+pU? would therefore be constant

across a region of rapid streamwise variation. which upon rearrangement yields the following expression

Consider the vortex impinging upon the shock wave. Onfor the critical swirl number as a function of the Mach num-
account of the rotation, the pressure at the center of the vober of the shock:
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[eie=

17

1 \/ 2
Moc]_ ’y_l

! 1+ 2y M2,—1 T
1-1—'}/M§Ol 'y+1( 1~ 1) '

(1_

Uniform entropy vortexExpressions for the centerline result, the computational value at Mach 1.7 is not plotted in
density and temperature for a uniform entropy vortex areFig. 2.
given by Eq.(7). Substitution into Eq(13) yields the follow- The predicted values are seen to be in good agreement
ing implicit equation for the critical swirl number as a func- with both experiment and computation. The critical swirl

tion of the Mach number:
1+ 2 (M2, 1)~ [1— (y— DT2,M2, 70~
’)’+1 ol crit'V' o1

=yM2 [1-(y-1TZM2 YD, (18)

number is predicted to decrease with increasing Mach num-
ber as observed. According to the proposed critefiegs.

(7), (10) and (13)], this decrease i is due to a combi-
nation of two factors: increase in the adverse pressure rise
(due top.., increasing whilép,, decreasgsand decrease in
streamwise momentum fluxlue top., decreasingwith in-

The Newton—Raphson method was used to solve the abovgeasing Mach number.

equation forT";; as a function of the Mach number of the
shock wave.

Ill. RESULTS: SHOCK-INDUCED VORTEX
BREAKDOWN

A. Uniform axial velocity

The ability of the model to predict the onset of shock-
induced breakdown is further evaluated in Fig. 3, where data
from Metwally et all! are plotted(obtained from Fig. 6 of
their pape). The “strong interactions” observed experimen-
tally are seen to lie in the region where the model predicts
breakdown, while the “weak interaction” regions lie in the
predicted region of non-breakdown. Note that the curve of
I'cit In Fig. 3 assumes uniform axial velocity. Metwally

Resullts for the critical swirl number are presented for theet al*! point out that the Mach 3 and Mach 3.5 vortices had
case where the axial velocity is uniform. Figure 2 shows thenoticeable deficit in centerline velocity for the breakdown
predicted values of the critical swirl number as a function ofcases. As will be seen in Section Il B, the critical swirl
the Mach number of the shock. The predicted values ar@umber is predicted to decrease as the centerline velocity
compared to the experimental values reported by Delerglecreases; i.e., the filled symbols for the Mach 3 and Mach
et al!? (the data were obtained from Fig. 35 of their pgper 3.5 cases would move further into the breakdown region if
for Mach numbers of 1.75, 2 and 2.28. Also shown are rethe deficit in centerline velocity were accounted for in Fig. 3.
sults from the computations by Erlebacterall’ (the data
were obtained from Table 3 of their reppriNote that the
computational data at Mach 1.7 were very close to the X5 Non-uniform axial velocity
perimental value at Mach 1.19.331 as compared to 0.83
This made the experimental data hard to discern when both The influence of an excess/deficit in the centerline axial
experimental and computational results were plotted. As &elocity on the critical swirl number is next considered. For

1.0 L LI LN N B T T T T T T
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FIG. 2. Comparison of predicted critical swirl number to experiment andFIG. 3. Evaluation of model in predicting the onset of shock-induced vortex

computation of shock-induced vortex breakdown. (Prediction: uniform
stagnation temperatyre --- (prediction: uniform entropy @
(computation—Ref. 17 X (experiment—Ref. 10

Phys. Fluids, Vol. 8, No. 12, December 1996

breakdown. —(Predicted"; [Eq. (17)]: uniform stagnation temperatyre
@ (experiment—Ref. 11: breakdowrO (experiment—Ref. 11: no break-
down).
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12 T T T T T ceeds the centerline axial momentum flux. We noted that on
account of its rotation, the centerline pressure rise,

T I/Il/v[-l"ll.l T

10 P.>—Pc1 IS greater than the free-stream rig@,o— Pooq-
\ Also, rotation results in the centerline density.{) being
0.8 ‘ lower than the free-stream density. As a result, the centerline

momentum ﬂux,pclug1 is less than its value computed us-
ing the free-stream density. Thus, swirl “amplifiegih the
terminology of Hall) the adverse pressure rise experienced
by the vortex while suppressing the axial momentum flux.
Both factors make the vortex more susceptible to breakdown.
This implies that if the free-stream pressure rise exceeds the
axial momentum flux computed using the free-stream den-
sity, then the presence of swirl is not needed for “break-
Mooy down.” The flow at and above the cut-off Mach number
corresponds to this scenario. The cut-off Mach numder

FIG. 4. Influence of axial velocity on the onset of vortex breakdown in- noted byM.,) can therefore be predicted by the following
duced by a shock. — (AU/U,,=-0.5), ——— AU/U,,=-0.25), — criterion:

(AU/U,,=0), - (AU/U..;=0.5), -+ (AU/U.;=1).

0.6

Pcrit

0.4

l:

vl e b b b b

o2k /N
¥AU <0

0 lc L 1 V\I [ IR I T R L Lo vy

LNLELLEN LA = ) R ! s I )

-
N
w
~
wn

P Pe1=paaUd (21
convenience, results are shown only for the uniform entropy
vortex. The breakdown criteriofEq. (12)] may be divided  which yields,
through byp.,; to yield the following non-dimensional cri-
terion:

_ AU\?
Px2—1=yM gut( 1+ U_1> (22)

1+

(19

- - - AU\2
pocz_pclzypclMgcl ) .

Uor

Substituting forp.., from Eqg. (15), we get the following
equation for the cut-off Mach number in terms of the veloc-

Substituting forp,; andp.; from Egs. 7, we get the ©
ity excess/deficit:

following equation forT'.; as a function ofM.; and

AU/U ¢
2y 2 2 ?
’5002_[1_(7_ 1)F§ritM0201]y/(7—l) ,y+1(Mcut_ 1):7Mcut(1+u_xl> (23)
2 AU\ 2 M2 qUy-1 i i i i
=yMZ,| 1+ o [1-(y—DI'iM2,] =1 (20 which may be rearranged to obtain the following expression
»l for the cut-off Mach number:

The Newton—Raphson method was used to solve the
above equation fol ., after expressing.., in terms of \/ 2y
M..;. Figure 4 shows the variation of the critical swirl num- cut™ m
ber with Mach number for different values AtU/U ;. Note
thatAU>0 corresponds to a jet-like axial velocity profile of
the upstream vortex whilAU<0 corresponds to a wake-
like profile. The predicted results show a strong sensitivity t
the excess/deficit in centerline axial velocity. Jet-like profiles  If the shock wave were oblique, the onset of breakdown
of the axial velocity are observed to delay breakdown, whilewould be expected to depend on the oblique angle. Although
a wake-like profile makes the vortex more susceptible tahe interaction of an oblique shock with an axisymmetric
breakdown. The same trend is known to apply in the breakvortex is not axisymmetric, it is envisioned that the onset of
down of an incompressible vortex, where axial blowing isbreakdown can be predicted by extending the arguments of
often used to alleviate the breakdo@n. the previous section. Reiterating the criterion for breakdown

Figure 4 shows that for vortices with a wake-like axial for  uniform  axial velocity, we require that
velocity, the critical swirl number becomes zero at a finitep..,—Pe1= yp.1M2,. The influence of shock obliquity is
Mach number; i.e., breakdown is predicted at and beyondnodeled as follows. The properties of the upstream vortex
this cut-off Mach number, even in the absence of swirl . This(p;,pc;) depend solely upon the free-stream Mach number
result may be explained as follows. In the absence of swirland swirl number. However the pressure behind the shock
the “vortex” reduces to an axisymmetric waker jet). This  (P.,) is determined by the normal Mach numbbt,,;sina
wake (or jet) can undergo reverse flow accompanied by ra{« denotes the angle the shock makes with the streamwise
dial outflow upon experiencing a strong enough adverselirection. ReplacingM.,; in Eq. (15) by M ,;Sina to obtain
pressure gradient. We have assumed that breakdown occUps, and substituting as before f@r,, andp., yields the
when the adverse pressure rise at the vortex centerline efsllowing expressions for the critical swirl number.

2y 1+AU 211
y+1 NTuo., '

U, (29

0C. Breakdown induced by an oblique shock wave
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Uniform stagnation temperature vortex:

r —1\/2I1 L1+ 2 (M sinag2-1 T 2
Uniform entropy vortex:

2y . _ _
1+ ——=([Myq sina]?—1)—[1—(y— D2 M2, 170" V=yM2 [1—(y— 12 M2, MO, (26)

y+1

It is readily seen that for the same upstream Mach num-  Uniform stagnation temperature vortex:
ber, I';;;; is predicted to increase as the shock becomes in-

creasingly oblique. This prediction may be explained by not- 1 \/ 2 1 (y=1l2y
ing that the pressure rise across an oblique shock is lower "~ ct™m_ V-1~ |1+ yMZ, (29)
than that for a normal shock at the same Mach number. As a
result, the adverse pressure rise that the vortex experiences is Uniform entropy vortex:
smaller, thereby delaying the onset of breakdown. 2 12 1ylr-1)
1_[1_(7_1)Fcrithx>1]y 4
=yMZi[1-(y= DT EME Y07, (30

IV. SHOCK-FREE BREAKDOWN OF A _ . - ,
COMPRESSIBLE VORTEX Figure 5 shows the predicted values of the critical swirl

number as a function of the free-stream Mach number. Also

Section Il discussed vortex breakdown induced by ashown (for supersonic flow are the values obtained for
shock wave. The breakdown of a free axisymmetric vortexbreakdown induced by a shock wave at the same Mach num-
i.e. breakdown in the absence of an externally imposed preser. Compressibility is seen to make the vortex more suscep-
sure gradient, is considered in this section. Incompressiblgble to breakdown. A similar trend was noted by Keffér.
streamwise vortices at sufficiently high swirl number areThis trend may be explained by notifi§gs. (7) and (10)]
known to break down, even in the absence of an externallyhat increase in the free-stream Mach number decreases the
applied adverse pressure gradient. It is to be expected thaenterline pressure and density, thereby increasing the ad-
their high-speed counterparts would exhibit similar behaviorverse pressure rise while decreasing the axial momentum
The critical swirl number in high-speed flow would be a flux. The predicted values df.; in the absence of the shock
function of the Mach number. This section derives an ex-are seen to be greater than those predicted for shock-induced
pression for the critical swirl number in terms of the free- breakdown. This trend can be explained by noting that the
stream Mach number; i.e., we consider the influence of compressure rise across the shock wave produces a larger ad-
pressibility on the breakdown of a free vortex. The verse pressure rise for the same upstream momentum flux.
arguments used are identical to those in breakdown induced
by a shock. The only difference is that while the adverse
pressure rise was set equal gQ,— p1 for shock-induced
breakdown, it is set equal tp..,—p.; for the shock-free

10 T T T T T T T T T T T T T T T T T T T
breakdown. The rationale for this assumption is that in the E Y « ! ' ! ]
absence of the shock, the vortex discharges into the atmo- r \\ ]
sphere. As a result, the vortex sees a pressure equml;to 08~ NN ]
ahead of it, as well as in the free-stream. The difference AN
between atmospheric pressure.(), and the pressure at the 06 \\ J —
vortex centerline ff.;) provides the adverse pressure rise . A \\\ 1
that causes breakdown. Breakdown of the vortex is therefore ~ 04l "\ S ]
assumed to occur when - U Shockcfree

= .Vb"‘”\~-'..\.:\. -

Po1— pclapcluil' 27 0 C T Tt ]
r Shock-induced
The criterion for shock-free breakdown is therefore given by, 0 1' S — ; — ; — "1 e
- _ Moor
1-Per=vpaM?y (28)

FIG. 5. Predicted critical swirl number for shock-free vortex breakdown

which is identical to the expression obtained W@J’i is set compared to the prediction for shock-induced breakdown(Shock-free:
uniform stagnation temperatyre--- (shock-free: uniform entropy ---

to1l in-Eq.(13). The corresponding expressions for the criti- shock-induced: uniform stagnation temperaluire— (shock-induced: uni-
cal swirl number are given below. form entropy.
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TABLE I. Prediction of critical swirl number for incompressible vortex 1.0 AL e o e e e s s e g g
breakdown compared to other approaches. All data other than the present F -
reproduced from review article by Dele(RRef. 6). L ]
08— . . ° o]
Scrit .§ C o ]
Quasi-cylindrical 1.41 3 0.6:— -
Axisymmetric N-S 1.35 = - Breakdown .
Bossel 1.12 = L ]
Squire 14 T4 ]
. . ' ~ r No breakdown
Benjamin 1.4 2 r ]
Num. simulation 1.28 = o2k ]
Spallet al. 1.37 Tr 1
Present 14 C ]
L 45° | | | | ]
0 ] 1 1 1 1 L il 1 1 1 1 1 1 1 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1.0

(Pe1/Poo1)(Uct /Usor)?
V. INCOMPRESSIBLE VORTEX BREAKDOWN

. FIG. 6. Evaluation of the proposed breakdown map in predicting the onset
Figure 5 shows that a$l..; tends towards OF ¢ tends ¢ yortex breakdown.® (Experiment: breakdown O (experiment: no

towards 1. An incompressible vortex in the absence of extersreakdowi.
nally imposed adverse pressure gradients, is therefore pre-

dicted to undergo breakdown at a critical swirl number of
g téon angle of the shock. Similarly, if the breakdown were that
f

one. The same result can of course be derived, by settin ¢ ) 4 of bei hock induced h
p=p- in the radial momentum equation and integrating to a free vortex Instead of being shock induced, yet another

obtain the centerline Pressurpe = p..;— p..v2,), which is curvle Iﬁ_r the (;_rltlcal swirl numberbwaidobtalned. ot al
then substituted into the breakdown criter{@y. (27)]. In a n this ste)c IOI?& we ptr)opoze a reta)l (;)V\fm njjaf a” afo;/]vs
recent review article, Delefydocuments(Section 3.4.5 of a common breakdown boundary to be defined for all of the

his paper critical swirl numbers for incompressible vortex abo‘{)e mke(;]tioned_prqblerrr]]s. The propose% r_nag s b astIngn
breakdown as predicted by different theories. He considers itge reakdown criterion that was proposed in Section '

Burgers vortex, and defines a swirl paramedaas €.
C Poo2— pc1>Pc1U<2;1- (34)
S= reu.,’ 3D Recall that the same criterion wifh,, appropriately defined,

was applied to all the breakdown problems discussed in this
paper. This suggests that a plotmf,— pg1 againstpclugl
could be used to map the onset of vortex breakdown. The
proposed map could even be used for incompressible vortex
breakdown, and would be expected to adequately represent
the onset of breakdown induced by pressure gradients acting
over distances that are small as compared to a characteristic
length scale of the vortex. The curpe,— pclzpclugl (the
45° line) would act as the boundary between the breakdown
and non-breakdown regimes. Note that the proposed map
S= 1o Tz~ 1.39¢" (33 does not require any additional data to be measured. Experi-
mental information on parameters such B\U/U. ,M,,
Thus I'c;y=1 corresponds td5;=1.398~1.4. We repro-  and shock angle could be used to obtain both the pressure
duce in Table I, from Delery%paper, the critical swirl nuUm-  rise and the axial momentum flux using the equations in
bers predicted by different approaches. Most approaches agction Il A. The proposed map is illustrated in Fig. 6. Note
seen to predict values very close to that predicted by oufhat the pressure rise and momentum flux are non-

where the variable€ andr. denote the circulation and core
radius respectively. For a Burgers vortex, the swirl velocity
is given by(Eq. 1 in Delery’$§ papej

C
vy=—[1-e bSO, (32

This implies that the swirl paramet&ris related to the swirl
numberl” by,

simple criterion. dimensionalized by..;U2 to allow incompressible data to
be plotted. Data from Metwally* (the same data shown in
VI. A “UNIVERSAL” BREAKDOWN MAP Fig. 3) are also shown. The data from Fig. 3 are combined

e;\fith Eqg. 10 to determine the pressure rise and axial momen-
tum flux. The breakdown and non-breakdown cases are seen
to be appropriately delineated.

The preceding sections presented results for the onset
vortex breakdown by plotting the critical swirl number as a
function of Mach number. The cunE. ;=T i1(M.,) de-
fined the boundary between the regimes of breakdown an
non-breakdown. However, it is clear that the critical swirl 9”' SUMMARY
number is not universalas also observed by Delé)y For A simple inviscid model was proposed to predict the
example, Section Il BFig. 4 showed thal’,;; depended on onset of breakdown in an axisymmetric vortex. Three prob-
the velocity excess/deficit at the centerline. If the breakdowrdems were considered: the shock-induced breakdown of a
were precipitated by an oblique shock wave as opposed to @mpressible vortex, the breakdown of a free compressible
normal shock, thei'.;; was noted to depend on the inclina- vortex, and the breakdown of a free incompressible vortex.
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