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Collision of a Vortex Jet with Stator Vanes

J. A. Lee¤ and A. T. Conlisk†

Ohio State University, Columbus, Ohio 43210-1107

We consider the unsteady behavior of the � ow� eld due to the slicing of a jet and a vortex with axial � ow, that
is, a vortex jet, by a pair of thin � at plates. In the case of a vortex, the geometry is an idealization of the collision
between a tip vortex shed from a rotor blade and two downstream stator blades in an axial � ow turbomachine.
The � ow is assumed to be inviscid, and the main result of the calculations is that the vorticity � eld near each plate
is radically altered. The role of the axial � ow in the vortex is to decrease the vortex core radius and to increase
the swirl on the suction side while the vortex core radius increases and the swirl decreases on the pressure side.
The suction peak due to the vortex grows on the suction side and decreases on the pressure side both for the jet
and the vortex.

Nomenclature
av = vortex � lament core radius, m
L = dimensionless computationalboundary in the axial

direction
p = dimensionless pressure
R = dimensionless computationalboundary in the radial

direction
r = dimensionless coordinate in the radial direction
rv = radial coordinate of a point on a vortex � lament, m
t = dimensionless time
tw = timescale for wrapping of vorticity around the leading edge

of the plate, s
U = speed of the plate, m/s
u = dimensionless velocity in the vortex in the radial direction
v = dimensionless velocity in the vortex in the azimuthal

direction
v I = dimensionless velocity in the vortex in the azimuthal

direction at time t equals 0 ¡

W = average axial velocity in the vortex, m/s
w = dimensionless velocity in the vortex in the axial direction
w I = dimensionlessvelocity in the vortex in the axial direction at

time t equals 0 ¡

w0 = maximum axial velocity in the vortex
z = dimensionless coordinate in the axial direction
C = dimensionless circulation
C ¤ = circulation, m2/s
D r = grid spacing in the radial direction
D t = time step
D z = grid spacing in the axial direction
h = azimuthal coordinate
n = dimensionless axial component of vorticity
W = dimensionless stream function
X = dimensionless circulation function, rv
x = dimensionless azimuthal component of vorticity

I. Introduction

T HE wake of rotating blades is complex, being three dimen-
sional, in general, unsteady, and possessing considerable vor-

ticity. The two main components of the wake of a rotating blade
are the tip vortex shed as a result of the difference in velocity of the
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blade tip and the surroundingmedium and an inboard trailingvortex
sheet. In general the circulation around each blade is a maximum
near the tip of the blade so that the tip vortex is stronger than the
inboard sheet. Consequently, the tip vortex is of primary interest in
these � ows.

There are many situations where the wake of a rotating blade
encounters a downstream body. This is the case when a helicopter
rotorwakeencountersthe fuselageof thehelicopter.Figure1a shows
an idealization of this situation. For simplicity only one blade is
shown. The interaction region is noted, and the direction of the
axial � ow in the vortex is back toward the wing. We note that the
vortex will eventually collide with the airframe � rst on the top and
then as it convects down along the sides. This problem in helicopter
aerodynamicshasbeenaddressedbya numberof authors(Refs. 1–8,
among many others). A related problemin helicopteraerodynamics
is the blade–vortex interaction (BVI)9– 11 in which a tip vortex shed
from a helicopter is sliced by a following blade. A list of current
references to the BVI problem appear in several reviews.12– 14 Both
of theseproblemsfall within the class of helicopter � ows referredto
as interactionalaerodynamicsby Sheridan and Smith.15 In addition,
these interactions also occur in propeller � ows and in axial � ow
turbomachines such as an axial � ow blower, pump, or compressor,
and a steam turbine.Sketchesof these devices are given by Logan,16

and a visualizationof the tip vortex shed from a propeller is shown
in Fig. 1a.17

We have termed a collision18 an interaction in which a vortex is
sliced by a plate in the sense that the core structure of the vortex,
de� ned as a speci� ed region of large vorticity surroundedby irrota-
tional � uid, is substantially altered and even locally destroyed.The
case of a jet or a vortex with axial � ow, that is, a vortex jet, being
sliced at a 90-deg angle by a single plate has been investigated by
Lee et al.,19 , 20 and this problem seems to reproduce many of the
features of the full three-dimensional problem shown in Fig. 1. In
the present paper, we consider the case where the jet or vortex is
sliced by a pair of thin plates. This situationmay occur when the tip
vortex shed from a rotor blade collides with a pair of downstream
stator vanes in an axial � ow turbomachine. This situation is shown
in Fig. 2a. Of course there is a large body of literature on the � ow
in various types of turbomachines,and there have been a number of
studies on rotor–stator interaction.21 – 27

A complicating feature of these � ows is that global numerical
techniques are often inadequate because the local length scale, for
example, the vortex core radius, is small and the timescale of any
collision with a downstream surface is very short. Consider a por-
tion of a tip vortex shed from an upstream rotor blade as shown
in Fig. 2. Suppose we base the computational grid on the lengths
L x =0.05 m; a hub radius of 0.152 m gives the azimuthal length
L h = p £ 0.152 m » 0.48 m, and we assume a stator vane length
of Lr =0.152 m. Suppose there are 200 points in each of the co-
ordinate directions of the grid, r, h , and x , surrounding the stator
vanes, for a total of 8 £ 106 grid points. A reasonable estimate of
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a)

Fig. 1 Examples of possible tip-vortex and surface interaction: a) im-
pingement of a tip vortex shed from a rotor blade on a cylindrical
airframe2 and b) tipvortex shed from apropeller; portionsof the tipvor-
tex may get sliced by downstream stator vanes if the propeller is ducted.

a)

b)

Fig. 2 Tip vortex and inboard sheet being sliced by two stator vanes;
stator vanes have no twist.

the core of the vortex is about 1.27 £ 10 ¡ 3 m, which is approxi-
mately the width of typical rotor blades in this application.Then the
nominal grid sizes are R D h » 2.39 £ 10 ¡ 3 m, where R is the hub
radius, D r » 7.6 £ 10 ¡ 4 m, and D x =2.54 £ 10 ¡ 4 m. The most im-
portant directionsare the x and r directionsand in this scenario, the
vortexwould be representedby six points in the x directionand only
one point in the radial direction. In addition, there are not enough
points in the azimuthal direction to resolve the very rapid variation
of the � ow (even though the � ow is assumed inviscid) near each
stator vane. Because the three velocity components, the pressure,
density and temperature, need to be computed, for the present case
of 8 £ 106 grid points, a minimum of 48 Mwords of memory are
required for a single time step. Clearly this is a signi� cant compu-
tational burden to resolve the � ow on the scale of the vortex core.
Thus, theoretical techniques combined with appropriately targeted
numerical techniques are often required, and the calculations here
resolve the vortex region directly.

In the calculations,we will neglect the in� uence of the boundary
layer on the statorvanesin the calculations.We can show that, on the
pressure side, this is reasonable,based on a dimensional analysisof
the problem. Consider the case where there is a surrounding mean
� ow, for example, speed U 1 . De� ne the dimensionless circulation
of a vortex as C = C ¤ / U 1 c = (1), where c is the chord of the sta-
tor vane, that is, L x . Then the vortex Reynolds number, Rev = C ¤ / m ,
is the same order of magnitude as the Reynolds number based on
the stator vane length and the external mean velocity U 1 , that is,
Re =U 1 c / m . Here m is the kinematic viscosity. Ting and Tung28

have shown that the swirl velocity within the vortex is larger than
the velocities in the neighboring � uid, that is, (Re1/ 2

v ), and so the
� ow in much of the vortex is inertiallydriven,and the � ow may thus
be assumed to be substantially inviscid in character. To see this, for
C = C ¤ / W 1 c = (1), assume that the scaled vortex radius in lami-
nar � ow is (Re ¡ 1/2), then from a simple Rankine vortex model the
swirl velocity is (Re1/2). Because the axial vorticity is essentially
the radial derivative of the swirl, it is clear that the axial vorticity
within the vortex core is of magnitude n » Re. Thus, the collision
processmay beconsideredinvisciduntilthe swirl velocityis reduced
to the order of magnitude of the surrounding boundary layer. What
this means is that the Euler equations are suf� cient to describe the
process of vortex–vane collision, and indeed, these equations have
been used to describe BVI in helicopter aerodynamics.9

The tip vortexshed from a rotor blade in a turbomachinecan have
a different character from the tip vortex shed from a helicopter rotor
blade.This is becauseof the presenceof the shroudand the character
of the tip vortex varies widely with tip clearance.29– 31 When the
tip vortex is strong and identi� able, it convects downstream and
contracts inward away from the shroud based on continuity and
momentum requirements. It will be helical in shape with the pitch
of the helix dependenton the rotational speed of the rotor blade and
the axial � ow speed in the fan, among other parameters. The tip
vortex will approach the downstream stator vanes and be sliced in
the manner similar to the schematic of Fig. 2. This means that the
swirl velocity in the core is reduced near each of the stator blades
in a highly transient way.

We consider here a simpli� ed model of the � ow in Fig. 2, which
is presented in Fig. 3. At time t =0, a jet or vortex jet of speci� ed
structure is present in an undisturbed� uid. At time t =0+ , a pair of
� at plates are suddenly thrust at a right angle into the vortex so that
the vortex is instantaneouslyand completely cut by the plate. This
situation requires that the speed at which the plates is cut is much
larger than the maximum velocity in the vortex. The objective is to
determinethe � ow within thevortexfor time t > 0. Becausethe axial
velocity in the core of the vortex is unidirectional, the axial � ow in
the vortex will be toward one vane and away from the other. Thus,
we have a pressure surface (axial velocity W toward the surface), as
well as a suction surface (W away from the surface). In the results
to follow, we show that the disturbancecaused by the two bounding
surfaces is everywhere � nite on the timescale of the � ow, which is
given by a2

v / C ¤ , which is the smallest timescale of the problem.
Note in this regard that rapid distortion theory,32 – 35 which assumes
a linearized disturbance on a much longer timescale, is often used
to model � ows in turbomachines with the objective of calculating
the radiated acoustic � eld.
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Fig. 3 Schematic of a vortex jet being sliced by a pair of blades.

We neglect the in� uence of compressibility in this paper and ig-
nore the in� uence of the shroud.The results to be presented indicate
a thinning of the vortex core at the suction surface along with a
thickening of the vortex core at the pressure surface. Concurrent
with this, the pressure on the suction surface is seen to focus, while
the pressure suction peak at the pressure surface is reduced. This is
consistent with the work of Lee et al.20 for a single slicing surface.

II. Formulation
The governing equations are the axisymmetric Euler equations.

All length scales are nondimensionalizedby the initial vortex core
radius av , whereas all velocities are nondimensionalizedby the vor-
tex jet velocity w0. With an ¤ denoting the dimensional variables,
the nondimensionalvariables are given as

t = t ¤ w0 ê av , r = r ¤ ê av , z = z ¤ ê av , C = C ¤ ê w0av

u = u ¤ ê w0 , v = v ¤ ê w0, w = w ¤ ê w0, x = x ¤ av ê w0

X = X ¤ ê av w0, W = W ¤ ê w0a2
v , p = p ¤ ê q w 2

0 (1)

Based on this nondimensionalization, the governing equations in
cylindrical-polarcoordinates(r, h , and z), with velocitycomponents
(u, v , w) = (vr , v h , vz) are
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The continuity equation in cylindrical-polarcoordinates for incom-
pressible � ow is given by

1
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+
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The numerical domain of solution is now 0 ·r · R, where
R = R ¤ / av and 0 ·z ·L , where L = L ¤ / av . The azimuthal and
axial components of vorticity are de� ned by
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There is a radial component of the vorticity, but it is not required in
this formulation.

To solvetheseequations,we replacethevelocitycomponentsu, v ,
and w with the vorticity x and the stream function W . Equation (5)
is satis� ed by the existenceof a stream function W , which is de� ned
by the radial and axial velocity components as
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and Eq. (3) for the circulation function ( X =rv) becomes
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The inviscid,axisymmetricazimuthalvorticitytransportequation
is found by combining the momentum equations (2) and (4) and is
given by
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with u and w given by Eqs. (7) and (8). Equations (9–11) are solved
simultaneously for the three unknowns W , v = X / r , and x .

Four boundaryconditionsare needed for the elliptic equation (9).
For time t > 0, the axial velocity w must be zero on the walls and,
hence,

W = 0 on z = 0 (12)

W = 0 on z = L (13)

Similarly, on r =0, u must be zero, yielding

W = 0 on r = 0 (14)

The axial velocity vanishes as r ! 1 and so

@W

@r
= 0 on r = R (15)

provided R is suf� ciently large.
The hyperbolic equations(10) and (11) also require spatial initial

conditionsspeci� ed on the in� ow boundaryz =L for the casewhere
the initial axial velocity is from the top wall to the bottom wall.
Given the velocities from the solution of the stream function, the
hyperbolic equations are swept from z =L to 0; because of the
coupling between the three equations, iteration is employed, as will
be discussed next.

The pressure is obtained by integrating Eqs. (2) and (4) with
the reference pressure taken at r = R, z =0. That is, Eq. (4) is
solved on r = R, with the reference pressure being p(R, 0, 0) =0.
Equation (2) is used to solve for the pressure elsewhere, with the
reference pressure being p(R, z, t ). For example, if Eq. (4) is ex-
pressed in conservativeform, then the pressureon r = R is given by
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and integrating Eq. (2) similarly yields
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where we have assumed that R is large enough so that p(R,
z, t ) = p(R, z, 0).

The initial conditions correspond to an undisturbed vortex with
axial � ow. In this regard, it is expected that the response to the
instantaneouspresence of the wall will have characteristicsof both
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a jet and a vortex. Thus, the term vortex jet is used by Lee et al.20

The initial axial velocity distribution for this � ow is

w = w I = ¡ e ¡ r 2
(18)

where the negative sign denotes that the axial velocity is downward
toward the bottom wall. The initial radial velocity vanishes.

The initial swirl velocity distribution is taken to be a Lamb-type
vortex (see Ref. 24):

v = v I = ( C / 2 p r)
¡
1 ¡ e ¡ r2 ¢

(19)

corresponding to a decayed potential vortex with a linear swirl as
r ! 0. The initial circulation distribution is then

X = X I = rv I = ( C /2 p )
¡
1 ¡ e ¡ r2 ¢

(20)

leading to
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r
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(21)

Note that the initial axial vorticity is a maximum at r =0 and decays
to zero as r ! 1 .

The numerical solution to Eq. (9) subject to boundary conditions
(12–15) is calculated using a standard � nite difference scheme,
and this is described by Lee et al.20 The pressure is obtained by
numerical integration of Eqs. (16) and (17) using a second-order-
accurate trapezoidalrule. The unsteady terms are calculatedusing a
three-point second-order backward difference in time. A multigrid
schemewas employed to accelerateconvergence.Additionaldetails
are given by Lee et al.20

Numerical solutions have been computed for three sets of grids
corresponding to (64)2 , (128)2, and (256)2 points, for R =L =4,
and the results for the velocities and the vorticity for each grid were
compared. It was found that at least two-� gure spatial accuracy is
achieved using 128 grid points in both r and z. At least two-digit
accuracy in all variables is achieved using a time step of D t =0.01,
when comparedwith solutions for D t =0.005; three-digitaccuracy
is obtained over the vast majority of grid points. In addition, the
effects of the lengths of the computationaldomain in r and z on the
numerical solution for the case of no swirl was tested, resulting in
a 2.9% change in the azimuthal vorticity on the wall when R and L
are doubled from 4 to 8. Because it is a derived quantity based on
a derivative of the velocity � eld, the test on the azimuthal vorticity
is more stringent than a test on other quantities such as velocity
and even pressure inasmuch as the pressure is obtained from an
integration. The grid spacing was held � xed at D r = D z =0.0312,
with D t =0.01, and the convergence criterion ² =10 ¡ 7 for these
tests. All of the results presented here are for 128 points in both
directions with R =L =4, D t =0.01.

III. Results
We have assumed that the vortex is instantaneously sliced; in

reality we would expect a thin layer of vorticity to be wrapped
around the leading edge of each vane. The timescale associated
with the wrapping of vorticity around the leading edge is tw »
av / U , where av is the vortex core radius and U is the speed of the
plate. The timescale associated with the axial � ow is tW » av / W ,
where W is theaxialvelocityscale.For thedimensionlesscirculation
C = (1), this timescale is of the same order of magnitude as the
vortex timescale tv » a2

v / C ¤ . If the axial � ow timescale and the
timescale associated with the wrapping are suf� ciently different,
then these two phenomena will not interact. Thus, if U À W , then
the timescale of the wrapping is much shorter than the redistribution
process. Moreover, the axial vortex lines are reorientedby the plate
so that they lie in the radial direction, and the portions on the top
and bottom of the plate cancel each other because those portions
have opposite-signedvorticity.

A. Pure Jet
We � rst consider the case of a pure jet with no swirl to establish

the fundamental features of the � ow. Figure 4 shows the azimuthal
vorticity on the walls. The initial condition is indicated by ¤ , with

Fig. 4 Azimuthal vorticity on the suction side (top arrow) and pressure
side (bottom arrow) for the pure jet.

Fig. 5 Radial velocity on the suction side (bottom arrow) and pressure
side (top arrow) for the pure jet.

arrows in the direction of increasing time. Every 25th time step is
plotted until t =2.5. From the de� nition of the vorticity vector, the
azimuthalvorticityis associatedwith thepresenceof axial � ow. Note
how the azimuthal vorticity on the suction side decreases substan-
tially,while on the pressure side, the azimuthalvorticitycontinually
increases. The pressure side behavior is supported by an analytical
solution for the single-wall case as discussed by Lee et al.20 Indeed
these results are similar to those for the single-wall cases described
by Lee et al.20 The reduction in azimuthal vorticity on the suction
side is due to the convection of azimuthal vorticity away from the
suction side by the axial velocity. Hence, the azimuthal vorticity is
being redistributed from the suction side to the pressure side.

Figure 5 shows the radial velocity on the suction and pressure
sides for the times as in Fig. 4. The initial condition (*) is u =0
at t =0, and arrows are in the direction of increasing time. Here
the radial velocity on the pressure side decreases in magnitude with
time, as a result of � ow being convectedaway from the suction side.
On the pressure side, the radial velocity steadily grows.

Figure 6 shows the pressureon the suction side and pressure side
for the case of no swirl for the same times as in Fig. 4. The initial
condition is p =0 at t =0, and arrows are in the direction of in-
creasing time. It can be seen that on the suction side the pressure
decreases as time increases, corresponding to the decrease in the
azimuthal vorticity in the region near the suction side. On the pres-
sure side, the pressure grows near the axis r =0 and then begins
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Fig. 6 Pressure on the suction side (bottom arrow) and pressure side
(top arrow) for the pure jet.

Fig. 7 Streamlines for the pure jet at time t = 2:5.

to relax at about t =2.5 due to the decrease in radial velocity. In
fact, the pressure in the entire domain is expected to approach zero
because there is no steady in� ow of � uid. The only in� ow of � uid
comes from the radial in� ow on the suction side, and that is only in
response to the stagnation in axial velocity in that region. Hence, in
this inviscid problem, the steady solution is expected to be a region
of stagnant � uid.

If the vortex core radius is about 1.3 £ 10 ¡ 3 m and the maximum
axial velocity in the core is 30 m/s, then the total dimensional time
is about 10 ¡ 4 s. This time will be less than the time it takes for
the vortex to pass the trailing edge of a stator vane having a chord
0.05 m and traveling at a velocity greater than about 100 m/s.

The streamlines at time t =2.5 are shown in Fig. 7. Fluid is trav-
eling in from the upper right-handcorner of Fig. 7 and exiting from
the lower right-handcorner. By this time, the streamlineshave clus-
terednear the pressureside, in the regionof high azimuthalvorticity.
Note that z =0 is the pressure side and that z =4 is the suction side.

The driving forceof the � ow in this case is the azimuthalvorticity.
The azimuthal vorticity is convectedtoward the pressure side by the
axial velocity, resulting in a stagnant region of � uid extending from
the suction side growing in time toward the pressure side. This
dead region of � uid results from the cutting off of the jet at z = L,
and, hence, there is no supply of azimuthal vorticity into the � ow.
Even though there is a radial in� ow of � uid at the suction side, that
� uid is irrotational.The main features of this � ow are the region of
growing azimuthal vorticity near the pressure side and the region of
decreasing azimuthal vorticity near the suction side.

Fig. 8 Swirl velocity on the suction side surface (top arrow) and pres-
sure side surface (bottom arrow) for the vortex jet for C = 2:0.

Fig. 9 Three-dimensional plot of the swirl velocity for the vortex jet
for C = 2:0 at t = 1:5; note that the disturbance caused by the wall is
everywhere � nite on this timescale.

Having establishedthe featuresof the � ow without swirl, we now
examine the case with swirl.

B. Vortex-Jet
We investigatethe results for the dimensionlesscirculation C =2.

The swirl velocity is shown in Fig. 8 for the suction side (top arrow)
and pressure side (bottom arrow). As in the preceding section, the
initial condition is indicated by ¤ , and arrows are in the direction of
increasingtime. In all � gures in this section,where applicable,every
10th time step is plotted until t =1.5. It can be seen that the swirl
velocity focuseson the suction side and spreads radiallyoutward on
the pressure side. On the suction side, the focusing is in response to
a radial in� ow of � uid as a result of the stagnation of the jet on the
suction side. On the pressure side, the resulting spreading of swirl
is due to a radial out� ow of � uid. Both of these phenomena occur
in the single wall cases20 and are central features of the collision
process.

The in� uenceof the two surfacesis signi� cant in the sense that the
disturbance extends a signi� cant distance into the region between
the two walls. In Fig. 9 is a three-dimensional plot of the swirl
velocity. Note the focusing near the suction wall and the spreading
along the pressure wall as shown in Fig. 8 at the wall. Also, from
Fig. 8, it is seen that the disturbance caused by the two walls on
this timescale is everywhere a � nite disturbance. Clearly, the swirl
velocity cannot continue to focus on the suction side, and this is one
area in which viscositywill play a signi� cant role. The phenomenon
of viscous limiting of vortex core thinning is suggested in the study



LEE AND CONLISK 1211

Fig. 10 Axial vorticity on the suction side (top arrow) and pressure
side (bottom arrow) for the vortex jet with C = 2:0.

Fig. 11 Azimuthal vorticity on the suction side (top arrow) and pres-
sure side (bottom arrow) for the vortex jet for C = 2:0.

by Burggraf et al.,32 who show that boundary-layer � uid is drawn
into a vortex oriented normal to a wall. This will halt the focusing
of the swirl velocity. It should be noted in this regard that rapid
distortion theory,33 ¡ 36 which assumes a linearized disturbanceon a
much longer timescale, is oftenused to model turbomachinery� ows
with the objective of calculating the radiated acoustic � eld.

Figure10 shows the axialvorticityon the suctionside surface(top
arrow) and pressure side (bottom arrow). The suction side shows an
increase in axial vorticity, which corresponds to a focusing of the
vortex locally on the suction side. On the pressure side, the axial
vorticity decreases as the vortex bulges radially outward.

Figures 8–10 illustrate the vortex propertiesof the vortex jet. The
azimuthal vorticity that is associated with the jet properties of the
� ow is shown in Fig. 11. On the suctionside, the azimuthal vorticity
reducesin magnitudewith time, and thewavesare convectedradially
inwardby the radialvelocity.The reductionin azimuthalvorticity on
the suction side is due to the convectionof azimuthal vorticity away
from the suction side by the axial velocity. It can be seen here that
the addition of swirl causes the azimuthal vorticity on the suction
side to change sign, causinga secondary� ow near r =0. The effect
of swirl on the pressure side is to reduce the magnitudeof azimuthal
vorticity that would normally occur in a no-swirl � ow.

Figure 12 shows the pressure on the pressure side (top arrow)
and the suction side (bottom arrow). On the pressure side it can be
seen that the pressure increases with time. Note that the outward
traveling wave, which exists in the no-swirl � ow, does not occur
here. On the suction side, the pressure focuses with time, a swirl-
dominated effect.

Fig. 12 Pressure on the suction side (bottom arrow) and pressure side
(top arrow) for the vortex jet for C = 2:0.

Fig.13 Radialvelocity on the suction side (bottomarrow)and pressure
side (top arrow) for the vortex jet for C = 2:0.

Fig. 14 Streamlines for C = 2:0 at time t = 1:5.
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Fig. 15 Summaryof the collisionindicatingthe bulgingon the pressure
side and thinning on the suction side; behavior of the pressure under
the vortex on each side is also shown.

The radial velocity pro� les are shown in Fig. 13 for the pressure
side (top arrow) and the suction side (bottom arrow). It can be seen
here that the addition of swirl causes the radial velocity on the wall
to be smaller in magnitude than in the no-swirl case.On the pressure
side, the radial velocity increaseswith time, and on the suction side,
the radial velocity decreases due to the redistribution of vorticity
from the suction side to the pressure side. Figure 14 shows the
streamlinesat time t =1.5. Fluid is moving in the same directionas
in the pure jet case and is remarkably similar to that shown in Fig. 7
with � ow from the upper right-hand corner to the lower right-hand
corner, as for the pure jet. Note that z =0 is the pressure side, and
z =4 is the suction side.

The problem described can be viewed as a simpli� ed model for
the collision of a tip vortex with a pair of stator vanes in an axial
� ow turbomachine. The physical phenomena described may also
occur in centrifugal designs as well; indeed, Arndt et al.26 indicate
that unsteadypressuresare much larger in magnitudeon the suction
side of the statorvane and thoseon the pressureside are much lower.
This is precisely what is indicated in the present computations. Of
course, the problem is much more complicated that the simpli� ed
problem discussed here. We have not considered the in� uence of
compressibility,although this should not have a great impact on the
qualitative aspects of the � ow unless the � ow is locally transonic.
We have not consideredthe in� uence of the shroud, a mean � ow, or
turbulence. These issues will likely alter the details of the collision
but not the basic conclusions.It is useful to sketch the � ow behavior
in qualitative terms and this is shown in Fig. 15. The suction peak
grows on the wall where the axial velocity is away from the wall;
on the other hand, the suction peak is removed and p » 0 when the
axial velocity is toward the wall.

IV. Summary
We have calculated solutions for the collision of a vortex with

two � xed surfaces oriented at right angles to the vortex. For the jet,
the azimuthal vorticity is convectedoutward with the inducedradial
velocityon the pressure side.On the suctionside, the azimuthal vor-
ticity is greatly decreased.For the vortex jet, the azimuthal vorticity
is similar to that of the pure jet on the pressure side; however, on
the suction side, a relatively large positive value of the azimuthal
vorticity is seen near r =0. The axial vorticity in the core of the
vortex jet is reduced signi� cantly on the pressure side by t =1.5.
This reduction is evidenced by the reduction of the suction peak.
On the suction side, the swirl velocity focuses, as does the pressure,
and hence, the vortex persists.The primary effect of the presenceof
the two plates is to inviscidly redistribute the vorticity � eld.

We have neglected the in� uence of viscosity on the collision
process and have shown that this is reasonable using dimensional
analysis. During the collision process, where the axial � ow in the
vortex is directed toward the surface, the magnitude of the vorticity
� eld within the vortex will be reduced to the order of magnitude
of the boundary-layer vorticity, in which case distinguishing be-
tween boundary layer and vortex vorticitybecomes impossible.The
essence of the vorticity redistributionprocess is that vorticity is not

destroyed but merely redistributed in an inviscid way. Coinciding
with this redistribution of vorticity is the reduction of the suction
peak associated with the original vortex. Of course, viscosity must
become important in the region where the swirl velocity is low, and
this occurs in what was once the core of the vortex. The same ar-
guments apply to the pure jet if the axial velocity in the jet is much
greater than the mean streaming motion. The axial velocity may be
related to the tip speed of the rotating stage. Viscous effects will
also be important in the region where the core axial velocity is away
from the wall, as discussed in the preceding section.
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