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The structure of round jets in cross-flow was studied using flow visualization tech- 
niques and flying-hot-wire measurements. The study was restricted to jet to free- 
stream velocity ratios ranging from 2.0 to 6.0 and Reynolds numbers based on the 
jet diameter and free-stream velocity in the range of 440 to 6200. 

Flow visualization studies, together with time-averaged flying-hot-wire measure- 
ments in both vertical and horizontal sectional planes, have allowed the mean topo- 
logical features of the jet in cross-flow to be identified using critical point theory. 
These features include the horseshoe (or necklace) vortex system originating just 
upstream of the jet, a separation region inside the pipe upstream of the pipe exit, 
the roll-up of the jet shear layer which initiates the counter-rotating vortex pair and 
the separation of the flat-wall boundary layer leading to the formation of the wake 
vortex system beneath the downstream side of the jet. 

The topology of the vortex ring roll-up of the jet shear layer was studied in detail 
using phase-averaged flying-hot-wire measurements of the velocity field when the 
roll-up was forced. From these data it is possible to examine the evolution of the 
shear layer topology. These results are supported by the flow visualization studies 
which also aid in their interpretation. 

The study also shows that, for velocity ratios ranging from 4.0 to 6.0, the un- 
steady upright vortices in the wake may form by different mechanisms, depending 
on the Reynolds number. It is found that at high Reynolds numbers, the upright 
vortex orientation in the wake may change intermittently from one configuration of 
vortex street to another. Three mechanisms are proposed to explain these observa- 
tions. 

1. Introduction 
The study of jets in cross-flow is of great practical relevance to both engineering 

applications and natural phenomena. Numerous examples can be found in aeronau- 
tics, industry and nature. These include V/STOL aircraft during transition flight, gas 
turbine blade cooling and exhaust gas cooling, the roll-control of missiles, chimney 
flows, sewerage outfalls, and many biological systems. Although some of these flows 
may be influenced to varying degrees by buoyancy effects, they nevcrtheless exhibit 
many features in common with the jets of neutral and low buoyancy which have been 
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1 Counter-rotating vortex pair 

Horseshoe 
vortex system 

FIGURE 1. Schematic diagram showing the many vortex systems of a jet in cross-flow. Wall vortices 
and upright vortices are  considered to be part of the ‘wake’ region (see text). 

studied in the laboratory. This paper will focus on the resulting flow when a circular 
jet nozzle is mounted flush with a flat wall without buoyancy as shown in figure 1. 

The characteristics of a jet in cross-flow are primarily dependent on the ratio of 
the momentum flux from the jet orifice to the momentum flux of the cross-flow over 
equal areas. It is conventional to define the ‘effective velocity ratio’ R as the square 
root of this ratio. When the jet and cross-flow densities are equal, R is often given by 
the approximation 

where V,,, is the (time-averaged) volume flux divided by the area of the jet and U,  
is the free-stream velocity of the cross-flow. 

When a jet discharges normal to a cross-flow there is a complex interaction between 
the two flows, resulting in the deflection of the jet in the direction of the cross-flow. 
The jet flow forms a pair of counter-rotating vortices which seem to originate in the 
near field and dominate the flow field far downstream. The near-field structure of 
the shear layer consists also of ring-like or loop-like vortices which become distorted 
with streamwise distance. The flat-wall boundary layer forms a system of horseshoe 
vortices similar to the flow around a solid body attached to a wall, The wake region 
beneath the downstream side of the jet contains a complex system of vortices (see 
figure l), consisting of the streamwise ‘wall vortices’ which lie above the flat wall, and 
vertically oriented shedding vortices, defined here as ‘upright vortices’. Under some 
conditions the pattern of upright vortices can bear a similarity to the vortex street 

R = Vpt/Um 
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downstream of a solid cylinder. In this paper the term ‘wake’ is used for historical 
reasons although this region is not a wake in its usual sense, as will be shown. 

Early experimental studies focused on the mean trajectory of jets and the evolution 
of the flow along the mean trajectory (Keffer & Baines 1963; Kamotani & Greber 
1972; Chassaing, et al. 19741, analytical and computational schemes to predict the 
velocity field and trajectories of jets (Sucec & Bowley 1976 and Patankar, Basu & 
Alpay 1977 respectively) and the surface pressure distributions (Bradbury & Wood 
1965; McMahon & Mosher 1969; Bergeles, Gosman & Launder 1976; Andreopoulos 
1982 and Kavsaoglu & Schetz 1989 to name but a few). Surface streakline patterns 
have been visualized by Bradbury & Wood (1965), Bergeles et ul. (1976), Foss (1980) 
& Krothapalli, Lourenco & Buchlin (1990) and Krothapalli & Shih (1993). 

It has long been recognized that a bent-over jet forms a counter-rotating vortex 
pair (henceforth referred to as CVP) which becomes the dominant flow feature and 
which persists far downstream (see Scorer 1958, Keffer & Baines 1963; Pratte & 
Baines 1967). Broadwell & Breidenthal (1984) showed that the CVP arises from 
the jet momentum normal to the cross-flow and that the CVP is therefore a global 
feature of the far field. Many experimental studies have focused on the time-averaged 
structure of the CVP, for example Kamotani & Greber (1972), Fcarn & Weston 
(19741, Moussa Trischka & Eskinazi (1977) and Rajarantnam & Gangadharaiah 
(1983). However, the mechanism of formation of the CVP remains poorly under- 
stood. The consensus of opinion is that the CVP is formed by the vortex sheet 
(or thin shear layer) which emanates from the pipe, as suggested by Moussa et al. 
(1977), Coelho & Hunt (1989), Andreopoulos (1984, 1985), Andreopoulos & Rodi 
(1984) and Sykes, Lewellen & Parker (1986). This conclusion is further supported 
by Perry & Lim (1978) who described how the cylindrical vortex sheet of a buoyant 
co-flowing jet becomes distorted to produce streamwise vortices. Although this is 
a different flow case there are many similarities. Coelho & Hunt (1989) suggested 
that the CVP may be initiated within the pipe itself, a suggestion which has been 
supported by velocity profile measurements (see Bergeles et al. 1976; Crabb, Du- 
rao & Whitelaw 1981 and Andreopoulos 1982). Fric (1990) compared the flux of 
vorticity from the nozzle with the flux of vorticity in the fully developed counter- 
rotating vortices and concluded that it is possible for the CVP to evolve from the 
vorticity emanating from the jet nozzle, and that it may do so within the near 
field. 

Horseshoe vortices (or necklace vortices) have been observed around jets in cross- 
flow. Krothapalli et al. (1990) studied the horseshoe vortex system upstream of 
a rectangular jet in cross-flow, observing two distinct regimes of behaviour with 
changing velocity ratio. They observed that the formation and roll-up of the horseshoe 
vortices can be a periodic phenomenon which occurs at a frequency similar to the 
periodic vortices in the wake. Kelso & Smits (1995) also observed unsteady horseshoe 
vortex systems in the case of a round jet in cross-flow. They found that different 
regimes of unsteadiness are possible and that these motions may be coupled to 
the periodic motions of the upright vortices in the wake. Andreopoulos (1982) 
also observed a horseshoe vortex system, as well as a separation region occurring 
intermittently inside the jet nozzle when R = 0.5. Some further observations of the 
horseshoe vortices were made by Fric & Roshko (1989, 1994), Fric (1990), Shang et 
al. (1989) and Krothapalli & Shih (1993). 

The structure of the wake region has been studied by relatively few workers (see 
McMahon, Hester & Palfrey 1971; Moussa et al. 1977; Kuzo & Roshko 1984; 
Wu, Vakili & Yu 1988). Unfortunately, none of this work led to a conclusion as 
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to the source of the vorticity in the wake region or the mechanism by which the 
upright vortices are formed. However, in a recent study Fric & Roshko (1989, 
1994) and Fric (1990) pointed out that, as suggested by Lighthill (1963) and Morton 
(1984), in a flow of uniform density, vorticity cannot be generated away from solid 
boundaries. Therefore, the vortices in the wake region must result from the convection, 
turning, stretching and diffusion of vorticity generated at the flat wall and/or nozzle 
boundaries. Fric & Roshko’s flow visualization studies confirmed that the vorticity 
in the wake region originates in the flat-wall boundary layer. They observed that 
the boundary layer fluid outside the horseshoe vortices ‘wraps around the jet and 
then separates on its lee side .....’ They described ‘separation events’ which occur 
periodically, alternating from one side of the jet to the other, leading to the observed 
upright vortices. Fric & Roshko suggested that the strong adverse pressure gradient 
encountered by the boundary layer around the rear side of the jet is consistent with 
the observed boundary layer separation events. Spectral measurements also showed 
that the frequency of the separation events is very close to the frequency of the 
upright vortices, which supports their conclusions. 

The purpose of this work is to take a fresh look at jets in cross-flow using newly 
developed tools, both theoretical and experimental, such as topological techniques 
with the associated critical point theory and the flying-hot-wire apparatus. Two 
studies were carried out. One was a flow visualization study in a water channel 
and the other was a flying-hot-wire study in a wind tunnel. To enable direct 
comparison with the hot-wire measurements, limited smoke visualization studies were 
also conducted in the same wind tunnel. This paper is organized as follows. In 
$2 we discuss the experimental facilities and techniques. Section 3 describes the 
behaviour of the jet shear layer and horseshoe vortex system using results obtained 
from dye visualization experiments in a water channel and smoke visualization and 
hot-wire anemometry experiments in a wind tunnel. In $4 the surface and sectional 
streamline patterns are visualized and interpreted from both dye visualization studies 
and hot-wire measurements. Section 5 describes the behaviour of the upright vortices 
in the wake region and proposes three possible mechanisms leading to the observed 
behaviour. Section 6 then summarizes the results and presents some concluding 
remarks. 

The terminology used here for the topological descriptions is that used by Perry & 
Fairlie (1974) and Perry & Chong (1 987). 

2. Experimental apparatus and methods 
2.1. Water channel experiments 

Flow visualization experiments were carried out in the closed-return water channel 
at the University of Melbourne. A detailed description of this apparatus is given 
in Kelso (1991). Figure 2 shows a schematic diagram of the apparatus. The pipe 
had an internal diameter of 25 mm which was chosen to achieve geometric similarity 
with the wind tunnel apparatus. The pipe was very short (3.50 in length), with the 
fluid entering it from an axisymmetric 36:l contraction, thus giving a top-hat velocity 
profile in the case of no cross-flow. The jet’s water supply was isolated from the 
main channel circuit by a constant-head tank. The Reynolds number Re and velocity 
ratio R are defined in figure 2. The flat-wall boundary layer profile upstream of the 
pipe was laminar, with a thickness varying between 12 mm ( r f / D  = 0.47) and 32 mm 
(6/D = 1.3) over the range of Reynolds numbers considered. 
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FICURF 2. Schematic diagram of thc jet apparatus. 

A narrow circumferential slot in the pipe wall allowed dye to be injected directly 
into thc pipe boundary layer (hence the jet shear layer). A small dye injection port was 
also located in the pipe wall immediately upstream of the exit. The pipe was mounted 
in a disc which fitted neatly into a circular hole in the floor of the channel. The disc 
could be rotated to any desired angle. Four dye injection slits were incorporated into 
the face of the disc, allowing dye to be injected into the channel floor boundary layer 
at different locations. Moveable dye injection tubes were also used to introduce dye 
into the cross-flow from points away from the wall. Dyes with specific gravity 1 were 
used to visualize the flow. 

To avoid the possibility of erroneous interpretation of the streakline patterns (see 
for example Gursul, Lusseyran & Rockwell 1990) the dyes were, where possible, 
introduced from the injection slot, slits and port a short distance ahead of any shear 
layer separation. In such cases, the diffusion of dye and momentum near the wall 
is governed by the molecular Schmidt number which is of the order of lo3 (see 
Goldstein & Smits 1994). Therefore the rate of diffusion of vorticity is many times 
greater than the rate of diffusion of the dye. Hence, dye introduced in this way will 
accurately mark the shear layer at separation and will generally speaking distribute 
itself about the centroids of vorticity. This is illustrated in the experiments of Perry & 
Tan (1984) in co-flowing jets and wakes. Thus, in the dye visualization experiments 
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described in this paper, the diffusion of vorticity and dye can be considered to 
be almost coincident for short times. Nevertheless, the differential diffusion of the 
dye and vorticity increases with time (or distance from the dye source) and also 
increases as the Reynolds number is decreased. In cases where the flow features were 
visualized by dye introduced from the moveable dye injection tubes, the existence of 
each feature was confirmed by introducing dyes in different ways and from different 
locations. 

2.2. Wind tunnel experiments 

The wind tunnel experiments were carried out in the Large Flow Visualization 
Wind Tunnel at the University of Melbourne. The tunnel has a working section 
measuring 1.2 m x 0.9 m and is equipped with a flying-hot-wire apparatus. This 
facility, which is described in Kelso, Lim & Perry (1994), was required because 
the jet in cross-flow involves eddying motions which cause large changes in the 
velocity vector directions and regions of reversed flow. Successful hot-wire anemom- 
etry can be accomplished only with the aid of a flying-hot-wire system of this 
type. 

A round pipe of diameter D = 95.5 mm was mounted in the floor of the working 
section and aligned normal to the tunnel flow. An axisymmetric, radial air intake 
with a contraction ratio of 18:l was attached to the pipe inlet. The floor of the radial 
intake incorporated a membrane with a central solid conical section which could be 
made to oscillate with a small amplitude, causing a controlled fluctuation in the jet 
velocity. This mechanism was used to force the shear layer of the jet to roll up at a 
known frequency. Velocity measurements were sorted and averaged on the basis of 
the phase of the forcing input. Unforced cases are mentioned later. The free-stream 
velocity for both forced and unforced cases was 1.0 m s-l with an average jet velocity 
of 2.2 m s-l, giving R = 2.2 and a Reynolds number of 6200. No boundary layer 
tripping devices were used in either the wind tunnel or the pipe. The upstream 
boundary layer profile in the wind tunnel was laminar, with a thickness of 27 mm 
( 6 / 0  = 0.28). In the absence of cross-flow, the pipe gave a top-hat velocity profile 
at its exit. A detailed description of this apparatus and the flow conditions can be 
found in Kelso (1991). 

Time-averaged vector fields of the unforced flow were measured in the vertical 
centre-plane and a horizontal plane located 40 mm ( y / D  = 0.42) above the floor of 
the wind tunnel. The velocity data at each point were averaged over 400 passes of the 
hot-wire probe. The hot-wire signals were low-pass filtered with a cut-off frequency 
of 10 kHz. The horizontal-plane measurements were accomplished by traversing the 
jet sideways, since the flying-hot-wire system did not allow the probe to be traversed 
in the z-direction (as defined in figure 1). 

In the forced flow, the phase-averaged measurements of the velocity components in 
the vertical centre-plane were averaged over 400 passes. The data were sampled and 
sorted on the basis of the phase of the forcing input using 16 equal phase intervals. 
To increase the rate of convergence of the data, the hot-wire signals were low-pass 
filtered at a cut-off frequency of 1 kHz. 

The software and methods used to acquire and process the data in these experiments 
are described in Kelso et al. (1994). All velocity data were three-point smoothed along 
both the rows and columns of the data grid. Streamline patterns were computed using 
a modified predictor-corrector method, calculated using cubic spline interpolations of 
the data. 
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FIGUR~, 3. Flow pattern obtained when dye is injected from tubes located far upstream and also 
released from thc dye injection port. Re = 940, R = 2.3 and 6 / D  = 0.81. This figure is a composite 
of two dye patterns obtained in the same flow at different times. The upstrcam lip of the pipe is 
marked by an arrow head. 

3. Results 
3.1. Flow visualization in the water channel 

3.1.1. Shear layer structure 

The shear layer instability was found to form by different mechanisms, depending 
on the Reynolds number and velocity ratio. 

Figure 3 shows the pattern obtained at R = 2.3 and Re = 940 where dye was 
injected from an injection tube far upstream. The photograph shows a steady vortex 
above the jet exit. The vortex, henceforth referred to as the ‘hovering vortex’, wraps 
around the front and sides of the jet and appears to contribute vorticity to the 
counter-rotating vortex pair of the jet. This is not to be confused with the horseshoe 
vortices located close to the flat wall. Under these conditions the hovering vortex 
occasionally becomes unstable and sheds a train of vortex loops or rings into the shear 
layer. The shear layer of the jet is laminar with a Kelvin-Helmholtz-like instability 
apparent at about 3 pipe diameters above the jet exit. Figure 4 shows the authors’ 
interpretation of this flow case. Under conditions where the shear layer rolls up by 
a Kelvin-Helmholtz-like instability, it was found that there is no roll-up on the rear 
side of the jet. When the Reynolds number is gradually increased above 940, the 
Kelvin-Helmholtz-like instability occurs progressively closer to the jet exit until the 
hovering vortex itself begins to shed ring vortices periodically and flow patterns such 
as those in figures 5(a) and 8 are produced. Under these conditions the shear layer 
roll-up is of large scale, is periodic, and occurs near or within the pipe exit. One may 
conclude that when this periodic roll-up occurs, the hovering vortex only exists as a 
‘mean’ or ‘time-averaged’ feature of the flow. 

Figure 5 depicts the behaviour of the shear layer at a Reynolds number of 1600 
and velocity ratios of 2.2 and 4.0. In these photographs red dye is injected from the 
dye port (see figure 2) into the upstream side of the pipe and blue dye is released 
into the boundary layer of the pipe. When dye is released from the port, it seems to 
fill a small separation region which occurs just below the upstream lip of the nozzle. 
Consequently, all the red dye seen in the photographs originates from this separation 
region. It must be emphasized that although the shear layer roll-ups shown in the 
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FIGURE 4. Authors’ interpretation of the ‘hovering vortex’ at RP = 940, R = 2.3 and h / D  = 0.81, 
showing (a) a cross-sectional view at the upstream side of the jet and ( h )  a cut-away perspective 
view of the jet. 

photographs are periodic, no deliberate forcing was applied. The vortex rings are 
initially tilted downwards at the upstream side of the jet and, as the rings convect 
upwards, the plane containing the upstream part of the rings rotates clockwise such 
that the plane is always approximately normal to the axis of the jet. Pairing of the 
ring-like vortices occurs on the upstream side of the jet. This behaviour was observed 
at all velocity ratios considered in this paper, although vortex pairing occurs less 
frequently and further from the pipe exit at the lower velocity ratios. No pairing 
was observed on the downstream side. The figures also show the correspondence 
between the roll-ups marked red at the front and sides of the jet and the roll-ups 
marked blue at the downstream side. This is confirmed by video recordings of the 
flow and implies that under these conditions the ring-like vortices form by a roll-up 
of the shear layer around the entire perimeter of the jet (cf. Perry & Lim 1978 in 
which similar structures in co-flowing jets do not roll-up on what was effectively the 
downstream side). The photographs also show the gradual ‘collapse’ of the rings as 
the upstream and downstream sides meet, defining the end of the core region of the 
jet. 

A significant feature of the flow pattern is revealed by this experiment, namely the 
initiation of the CVP. Figure 5 shows that the shear layer of the jet folds (see label) 
and rolls up very near to the pipe exit, leading to or contributing to the formation 
of the CVP. The correspondence between the folds and the interface between the red 
and blue dyes suggests that there is a connection between the CVP roll-up and the 
separation inside the pipe. Furthermore, although the blue dye is injected evenly into 
the pipe boundary layer all around the circumference, most of the dye is swept to 
the downstream side of the jet, indicating a substantial secondary flow in the pipe 
boundary layer near the pipe exit. 

Figure 6 shows the flow pattern obtained at R = 5.5 and a Reynolds number of 
1600 when dye is injected from the circumferential slot in the pipe. At this velocity 
ratio, the separation region inside the pipe is very small and the ring-like shear layer 
roll-ups form a short distance above the pipe exit. Here the folding occurs closer 
to the upstream side of the pipe and the rolling-up of the shear layer is very rapid, 
leading to pronounced counter-rotating vortices on either side of the jet. 
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FIGURE S. Behaviour of the jet shear layer for velocity ratios (a) 2.2 and (b) 4.0 at Re = 1600 and 
b / D  = 0.61. In these photographs, blue dye is injected from the circumferential slot in  the pipc and 
red dye is released from the dye injection port. 

FIGURE 26. (See $5.) Upright vortex structure visualized by introducing red and blue dyes from 
radial slots in the channel floor at Re = 2700,R = 4.0 and 6/D = 0.47. The slots were oriented 
at 45" from the centre-line on the downstream sidc of the jet. Blue dye was injected on the ncar 
side and red on the far side. Photograph (a) shows alternating rcd and blue upright vortices and 
(h)  shows alternating pairs of red and pairs of blue upright vortices. In both photographs, the 
downstrcam lip of the pipe is marked by an arrow head. 
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FIGURE 6. Flow pattern obtained when dye is injected from the circumferential slot in the pipc a1 
Re = 1600, R = 5.5 and S / D  = 0.61. 

FIGURE 7. Close-up view of vortex breakdown in the CVP a t  Re = 1600, R = 4.0 and S / D  = 0.61. 

An unexpected phenomenon can be seen, particularly in figure 5(b) and figure 
6, namely, vortex breakdown of the CVP. The phenomenon is most clearly seen at 
velocity ratios above 3. Figure 7 shows a close-up view of the breakdown phenomenon 
at R = 4.0. Video recordings of the breakdown indicate that there is a region of 
reversed flow normally associated with breakdown. The presence of this breakdown 
may be, in part, responsible for the effective mixing properties of this type of flow. 
This phenomenon is currently under investigation. 

Figure 8 shows an example where a filament of dye injected from a tube upstream 
appears to ‘stagnate’ on the vortex sheet of the jet at a point resembling a half-saddle 
(Perry, Lim & Chong 1980). In fact, the appearance of a ‘half-saddle’ is probablv an 
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FIC;UR~ 8. Flow pattern obtained when dye is released from the dye injection port and from a tube 
located far upstream. Re = 1600, R = 2.2 and 6 /D = 0.61. 

artifact of a thick dye filament impinging on a very thin shear layer. For example, 
in figure 4(a), imagine the dye filling the region between streamlines A and B. When 
the size of the dye filament is decreased, the filament's behaviour approaches that of 
streamline A or B alone. 

Figure 9 shows the authors' interpretation of the major roll-up processes of the 
jet shear layer as shown in figures 5,  6 and 8. The large-scale vortex ring-like roll- 
up, similar to that of a free jet, is described in figure 9(a). Figure 9(b) shows the 
mean reorientation of the shear layer vorticity which leads to (or contributes to) the 
formation of the CVP. Figure 10 shows the superposition of these two processes. 
This interpretation suggests that the vortex rings fold into two parts: the upstream 
part whose plane tilts with the mean curvature of the jet, and the downstream part 
whose plane becomes aligned with the direction of the jet, and so the sides of the 
downstream part contribute to the circulation of the CVP. Similar mechanisms have 
been suggested by Moussa et al. (1977), Andreopoulos (1985), Sykes ef al. (1986) 
and others. This tilting and folding scenario is also consistent with the mechanism 
suggested by Perry & Lim (1978) and later developed by Perry & Tan (1984) for 
buoyant co-flowing jets. However, the roll-up process of jets in cross-flow is highly 
distorted by the presence of the other vortex systems of the flow. 

3.2. Pipe separation and horseshoe vortices 

The limiting surface streamline pattern of the separation inside the pipe is shown in 
figure 11, presented as though the pipe were split at 0 = 180" and opened out flat. 
The separation streamsurface within the pipe separates from the wall at a negative 
bifurcation line. This bifurcation line extends from a saddle point S at 0 = o", then 
around the sides to the edge of the pipe. This pattern accounts for the very sharp 
differentiation between the red- and blue-marked regions of the shear layer shown 
in figure 5. It was observed that the size of the separation region decreases with 
increasing R. For example, at R = 2.2 and Re = 1600, the saddle point S is located 
at approximately y / D  = -0.4 whereas at R = 4.0 and Re = 1600, it is located at 
j i / D  = -0.16. At high velocity ratios ( R  > 6) the saddle point is located at the lip. 
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Ficiuw 9. Schematic diagram showing (u )  the large-scale vortex ringlike roll-up and ( h )  the 
rcoricntation of the shear layer vorticity leading to the folding of the cylindrical vortex sheet. 

Pressure measurements carried out in the wind tunnel in independent studies (Kelso 
1991 and Andreopoulos 1982) show that an adverse pressure gradient is present in the 
pipe on the upstream side. The available data would also suggest that this pressure 
gradient decreases with increasing R. These observations are entirely consistent with 
those of the present study. 

Figure 12 shows a side view of the horseshoe vortex system induced by the jet 
in  cross-flow for R = 2.2, when streaklines of dye are introduced from appropriate 
locations far upstream. The horseshoe vortex system shown is steady with no periodic 
vortex shedding observed (see Andreopoulos 1982; Fric 1990; Kelso & Smits 1995) 
at the flow conditions discussed in this paper, although a small oscillation of the 
horseshoe vortices was observed, which appears to be induced by the vortex ring 
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Isometric view of the authors’ interpretation of the jet shear layer vortex 
how they tilt and fold as they convect downstream. 

rings, showing 

instability of the jet shear layer. The behaviour of the horseshoe vortex system on the 
upstream side of the jet appears to be qualitatively similar over the range of Reynolds 
numbers (440 to 1600) and velocity ratios (1.0 to 6.0) studied by the authors. No 
observations of horseshoe vortices were made for Re > 1600. For a comprehensive 
discussion of horseshoe vortices, see Doligalski, Smith & Walker (1994). 

The downstream trajectories of the horseshoe vortices were studied over a range 
of Reynolds numbers and velocity ratios. The low Reynolds number (Re < 1000) 
observations are depicted in figure 13. At low Reynolds number it was found that, 
on average, the horseshoe vortices having vorticity of the same sign as the flat-wall 
boundary layer vorticity, extend downstream along the flat wall and are incorporated 
into the vortex system of the wake. All the horseshoe vortices with vorticity opposite 
to that of the flat-wall boundary layer, are lifted away from the wall behind the jet 
and merge with the CVP. These interpretations also appear to be applicable, in the 
mean at least, to higher Reynolds number cases where upright vortices are present in 
the wake region. 

The nature of the flow at the upstream portion of the lip of the pipe is also 
illustrated in figure 12 where a streakline of dye impinges on the corner of the pipe 
and the tunnel floor at the centre-line. The streakline was found to split with one 
part flowing upstream along the tunnel floor and the other part flowing down into 
the pipe. The dye flowing onto the tunnel floor is swept upstream into the horseshoe 
vortex systcm, whereas the dye flowing into the pipe is swept into the separation 
region within the pipe. 

Figure 14 shows the authors’ interpretation of the flow patterns in the vertical 
centre-plane relative to a stationary observer, inferred from both direct observation 
and topological arguments. The patterns consist of stable foci and saddles, where 
all the foci draw in or ‘attract’ fluid from the cross-flow. Careful observation of the 
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FIGURE 11. The surface streamline pattern inside the pipe, presented as though thc pipe were split 
at tl = 180" and opened out flat. 

FIGURE 12. The horseshoe vortex system, visualized by dye streaks introduced from tubes located 
far upstream. R e  = 1600,R = 2.2 and 6 / D  = 0.61. 

streakline splitting at the corner (similar to figure 12) revealed that a tiny separation 
region exists at the corner and that this separation region oscillates back and forth in 
phase with the roll-up of the jet shear layer. The two alternative flow patterns occur 
at different stages in the jet shear layer roll-up cycle. The authors suggest that these 
patterns would be similar to the time-averaged flow pattern at both higher Keynolds 
numbers than those considered in this study and lower Reynolds number cases where 
the hovering vortex occurs. 
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FIGURE 13. Trajectories of the horseshoe vortices at low Reynolds number. 

FIGUR~ 14. Authors’ interpretation of the instantaneous streamline pattern in the vertical cen- 
tre-plane as seen by a stationary observer. The shear layer vortices (V) are assumed to be moving 
slowly enough to be seen by a stationary observer. The two patterns show the flow topology at 
different stages of the jet shear layer roll-up cycle as shown by the different positions of vortex V. 
As the shear layer vortices roll up and convect away, the separation region at the upstream lip of 
the pipe oscillates between the two states shown. 

3.3. Flow visualization in the wind tunnel 
Flow visualization experiments were conducted so as to obtain smoke patterns for 
comparison with the measured velocity fields and water channel experiments. As 
stated earlier, the wind tunnel experiments were conducted at R = 2.2 and a Reynolds 
number of 6200, approximately four times the Reynolds number used in the com- 
parable water channel experiments. Forcing was applied to the jet flow in the wind 
tunnel at 7.1 k 0.05 Hz (Strouhal number f D / U ,  = 0.65), close to the frequency of 
the unforced shear layer roll-up on the upstream side within 3 0  of the jet exit. The 
amplitude of the fluctuation was 10 % of the mean jet velocity. 

Figure 15(a) shows a laser cross-section of the vertical centre-plane of the near field 
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FIGURE 15. Laser cross-sections of the vertical centre-plane of the near field of the (a) unforced jet 
and ( b )  forced jet. Re = 6200, R = 2.2 and 6/D = 0.28. 

of the unforced jet. Smoke was injected into the jet fluid upstream of the contraction 
from eight equi-spaced smoke injection nozzles. The ring-like roll-up of the shear 
layer can be seen on the upstream side and, to a lesser extent, on the downstream 
side of the jet. The roll-up is periodic although regular vortex amalgamations occur 
on the upstream side of the jet. 

Figure 15(b) shows the same jet when it was forced at 7.1 Hz. The photograph 
suggests that the forcing may have been at a marginally lower frequency than the 
natural shear layer roll-up. The forcing appears to have increased the size of the 
vortex rings, hence the shear layer growth rate. Note that vortex pairing occurs 
approximately three diameters from the jet exit whether the forcing is applied or not. 
In the forced case this phenomenon led to a ‘washout’ of the phase-averaged velocity 
data since the averaging was made on the basis of the external forcing input. This 
does not present a problem since the coherence of the eddies is consistently good 
within the first few diameters, leading to reasonable results being obtained close to 
the jet exit. 
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FIGLIRE 16. Time-averaged vector field and streamline pattern in the vertical centre-plane for the 
unforced jet. Re = 6200,R = 2.2 and 6 / D  = 0.28. The pipe location is indicated by tick marks. 
Base of figure corresponds with wall. 

3.4. Flying hot-wire studies 

3.4.1. Unforced structure 

Figure 16 shows the time-averaged vector field of the jet in the vertical centre-plane 
with the integrated streamline pattern superimposed. An extra row of experimental 
data (not shown), located mid-way between the flat wall and the first data level, was 
used to compute the streamlines near the flat wall. Below this level, the streamlines 
were computed from extrapolated data. 

Although the flying hot wire was flown at high velocity, the pitch angle of the 
flow relative to the probe approached 28" in the core region of the jet, close to the 
pipe exit. This caused errors of up to 6% in the inferred velocities in this region. 
These errors have not been corrected since they do not alter the topology of the 
time-averaged flow field in any way. 

An unexpected feature of figure 16 is the waviness of the streamlines, particularly 
in the region of the shear layer. This behaviour is the result a minor, well understood 
vibration of the wind tunnel caused by the flying-hot-wire propulsion system. By 
deliberately forcing the shear layer instability with a periodic input, it was possible 
to overwhelm these effects and obtain smooth streamlines. This is demonstrated by 
figure 17 which shows the equivalent pattern when the flow is forced. 

In both cases the streamlines emanating from the front and rear sides of the jet 
form open bifurcation lines with respect to thc cross-flow and jet fluid. Examination 
of the volume flux between streamlines emanating from the front and rear sides of the 
jet indicates that in both cases there is a considerable flow of jet fluid away from the 
centre-plane in the mean. Also, the forced jet appears to bend more sharply than the 
unforced jet, which may be due to enhanced mixing in the shear layer, brought about 
by the forcing of the shear layer roll-up. The downward curvature of the streamlines 



128 R.  M. Kelso, T. T. Lim und A. E .  Perry 

--*-::. . , , . . . . PI. - . . . - - . . . ,  
~ -+)__f - * - - . . . - . * . . -  _ . . . . .  . .  

:::.----. ~u~- - - . - . . . . . - ,  

t , .*. -p 

FIGUKE 17. Time-averaged vector field and streamline pattern in the vertical centre-plane for the 
forced jet. Re = 6200,R = 2.2 and 6/D = 0.28. The pipe location is indicated by tick marks. 

near the floor ahead of the jet is broadly consistent with the streakline patterns shown 
in the previous section of this paper. 

Downstream of the jet, in both the unforced and forced cases, there appears to 
be a node which resides a short distance downstream of the edge of the nozzle and 
above the flat wall. The displacement above the wall is most clearly shown in the 
forced results. Recall that an extra row of experimental data, mid-way between the 
flat wall and the first level, was used to compute this pattern. Low Reynolds number 
flow visualization studies in the water channel confirmed that a node exists above 
the flat wall downstream of the jet. A numerical simulation of a jet in cross-flow by 
Sykes et al. (1986) also showed a node downstream of the jet, although it was located 
at the flat wall. The simulation, however, used a free-slip boundary condition at the 
flat wall and took no account of the flat-wall boundary layer. 

Figure 18 shows the time-averaged pattern in the horizontal plane at y = 40 mm 
( y / D  = 0.42) combined with the time-averaged pattern in the vertical centre-plane for 
the unforced case. The location of the pipe exit is indicated by a semi-circle. Some of 
the velocity data measured in the horizontal plane in the core region of the jet needed 
to be corrected for systematic errors due to yaw angle effects on the hot-wire probe. 
The correction scheme is described in Kelso (1991). It can be seen that the features 
in the sectional planes are consistent with each other. For example, downstream of 
the jet the fluid is swept horizontally towards the centre-line, forming a bifurcation 
line in the horizontal sectional plane. Consistent with this, sectional streamlines in 
the vertical plane show that fluid is swept towards the centre-line and then upwards, 
away from this horizontal plane. 

The most important feature of figure 18 is the focus which is counter-clockwise 
and spirals out. It is difficult to judge the reliability of this feature because of the 
small number of grid points which define it. However, the existence of a vortex is in 
agreement with the flow visualization experiments in the water channel. The location 
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FIGURE 18. Composite vector field and streamline pattern for the unforced jet. The fold line lies at 
y / D  = 0.42 and z = 0. Re = 6200,R = 2.2 and 6 / D  = 0.28. The pipe location is indicated by a 
semi-circle. 

of the focus relative to the pipe suggests that the focus is a feature of the wake 
region and is not produced by vorticity from the shear layer. It is probable that this 
feature is the time-average of the unsteady wake pattern, just as the time-average 
wake pattern of a circular cylinder or bluff plate is a pair of vortices in the near wake 
(see, for instance, Perry & Steiner 1987). The authors believe that this feature is the 
time-average of a wall vortex, which is part of the wake vortex system as described 
in 94 below. 

The pattern shown in figure 18 suggests a lack of symmetry of the flow within the 
jet as indicated by a small spanwise (w-) velocity component on the centre-line at 
the downstream side. Although it is to be expected that some small w-velocity errors 
should be seen, the magnitudes of the measured velocities are in excess of any errors 
attributable to hot-wire drift or probe misalignment. The resulting pattern is therefore 
unsymmetrical. Surface pressure distributions measured by the authors support this 
conclusion. The lack of symmetry may have been due to inlet conditions at the intake 
of the jet. 

Figure 19 shows the non-dimensionalized vorticity field (w, = wD/U,) calculated 
from the horizontal plane velocity field of figure 18. The vorticity associated with the 
wake region is clearly seen downstream of the jet exit. A vorticity peak also occurs 
close to where the shear layer from the pipe is located. It is of the same sign as 
the vorticity in the wake region, but about 60% of this peak value. This peak may 
represent the mean reorientation of the shear layer vorticity to initiate or contribute 
to the CVP as depicted in figure 9(b). 

3.4.2. Forced structure 

To obtain phase-averaged velocity measurements, the ring-like roll-up of the shear 
layer was forced by mechanically puffing the jet, thereby locking the roll-up process 
into a perfectly periodic cycle. In order to confirm qualitatively that this is a legitimate 
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FIGURE 19. Non-dimensionalized phase-averaged vorticity contours for the horizontal cross-section 
at y / D  = 0.42. Contours intervals are 2.0 units unless otherwise specified. Positive vorticity is 
anti-clockwise. Re = 6200, R = 2.2 and 6 / D  = 0.28. The pipe location is indicated by a semi-circle. 

forcing method which does not alter the appearance of the jet structure, the jet flow 
in the water channel was forced in a similar way at R = 2.2 and a Reynolds number 
of 1600. This was achieved by periodically squeezing the jet’s supply tube at or close 
to the frequency of the unforced shear layer roll-ups. The conclusion of this simple 
test is that a moderate level of forcing appears to alter the growth rate of the ring 
vortices, but does not seem to affect the overall structure of the jet in cross-flow. 

The meaningful representation of a phase-averaged velocity field is very difficult to 
achieve. The usual method used to interpret the topology of an eddy or a group of 
eddies is to observe the velocity field from a reference frame which is fixed relative to 
that eddy or that group. Cantwell & Coles (1983) and Steiner & Perry (1987) showed 
that this could be done successfully in the far wakes of bluff bodies. However, in 
a complex three-dimensional flow such as a jet in cross-flow, it is very difficult to 
interpret the local topology in the near field due to the large acceleration and growth 
rate of the eddies. 

In the following discussion, the eddies (in figures 20 and 21) will be described as 
the upstream and downstream sides of three vortex rings. These will be referred to 
as ring 1 (closest to the pipe exit), ring 2 and ring 3 (furthest from the pipe exit). 

Figure 20 shows plots of vorticity calculated from the phase-averaged velocity fields 
of phases 7 and 10 respectively. In these plots three distinct vortex pairs (i.e. rings) 
can be clearly identified as large concentrations of vorticity on the upstream and 
downstream sides of the jet. Close to the pipe exit, the vortex rings appear to be 
higher on the downstream side of the jet than on the upstream side. However, the 
upstream sides of the rings initially convect more rapidly than the downstream sides. 
Note the similarity between this plot and the dye visualization results, particularly 
figure 5(a) where the upstream side of the vortex ring (red) is initially lower than the 
downstream side of the ring (blue). 

Note that the phase-averaged vorticity plots contain ‘spurious’ lumps of vorticity. 
These blemishes are believed to be the result of a minor vibration caused by the 
flying-hot-wire measurement system superimposed on the large-scale forced roll-up. 
The vorticity fields, being calculated from spatial derivatives of the velocity field, are 
extremely sensitive to this type of contamination. The phase-averaged vorticity fields 
are, in fact, surprisingly clean as the blemishes generally appear to be small compared 
with the vorticity peaks associated with the vortex rings. The upstream eddy of ring 
2 in phase 10 is probably distorted by the contamination. 

In order to determine from the phase-averaged velocity fields the actual topol- 
ogy of the shear layer structure on the vertical centre-plane, it is necessary to 
establish appropriate frames of reference, i.e. the convection velocity of each eddy. 
In this case the convection velocities were estimated from both the vortex celer- 
ity (Cantwell & Coles 1983) and the velocity corresponding to the location of the 
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FIGURE 20. Non-dimensionalized phase-averaged vorticity contours for (a) phase 7 and ( b )  phase 
10. Contours intervals are 2.0 units unless otherwise specified. Positive vorticity is anti-clockwise. 
Re = 6200,R = 2.2 and 6 / D  = 0.28. The pipe location is indicated by tick marks. 

centroid of vorticity of each eddy (centroidal velocity). On the whole, convec- 
tion velocities estimated by the celerities and centroidal velocities are very 
similar. As expected, the convection velocities of the eddies vary widely over the 
velocity field (see Kelso 1991), so an examination of the topology of the veloc- 
ity field must be done with care. When moving with an eddy to examine its 
topology, the flow field close to that eddy will become almost steady but the sur- 
rounding velocity field will not. Therefore, interpretations of topology must be 
confined to the close vicinity of the eddy which is steady relative to the moving 
observer. 
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Figure 21 shows the vector field and streamline patterns corresponding to figure 
20(b) as seen by observers moving at different velocities. The positions of the vorticity 
centroids of the ‘stationary’ eddies are indicated by the intersection of two lines. In 
figure 21(a) it can be seen that the downstream eddy of ring 1 is the only clearly 
defined flow feature as the rest of the pattern is moving relative to this observer. In 
figure 21(b) the downstream eddies of rings 1 and 2 are evident although they are not 
correctly represented because they, too, are moving relative to this observer. 

4. Surface and sectional flow structure 
In order to obtain a flow case in which little or no unsteadiness occurred in the 

wake region (i.e. the ‘upright vortices’ were not yet forming), the Reynolds number 
and the velocity ratio were set to approximately 440 and 6.0 respectively. This allowed 
the detailed examination of the surface and wake flow structure without the problems 
associated with unsteadiness. The authors suggest that under these conditions the 
surface flow pattern and wake structure are likely to be topologically similar to the 
time-average of the flow patterns obtained over all the flow conditions discussed in 
this paper. 

Figure 22(a) shows a plan view of the flow pattern obtained when filaments of dye 
are introduced into the cross-flow (above the flat wall) from far upstream of the jet. 
The dye is swept around the outside of the jet and inwards towards the centre-line, 
whereupon it wraps around a pair of streamwise vortices which trail downstream 
adjacent to the flat wall. These are the wall vortices as defined in figure 1 and they 
form part of the wake vortex system. The positions of the filaments of dye were 
chosen such that some dye convected downstream along the wall vortices and some 
convected upstream towards the jet along the wall vortices. A similar pattern (with 
one wall vortex marked) can be seen in elevation in figure 22(b). In this photograph 
dye was also injected from the dye injection port at the front of the pipe to show the 
relationship between the jet shear layer and the wall vortices. Surface dye visualization 
studies (not shown) confirm that the wall vortices are the result of the separation of 
the flat-wall boundary layer and therefore contain vorticity originating from the flat 
wall. As can be seen in figure 22, the wall vortices lift away from the flat wall and up 
into the rear side of the jet to merge with the CVP of the jet shear layer. In this way, 
vorticity from the flat-wall boundary layer is continuously fed into the CVP. Thus the 
vorticity contained in the CVP originates not only from the pipe wall, but also from 
the flat wall. 

The existence of the wall vortices has also been noted by authors such as Wu et aE. 
(1988) (who called them ‘wake’ vortices) although their origin and connection with 
the rest of the flow structure was not understood. The wall vortex patterns shown in 
figure 22 appear to be a steady equivalent of the unsteady vortices produced by the 
‘separation events’ described by Fric & Roshko (1989, 1994) and Fric (1990). These 
authors suggested that the boundary layer separates owing to an adverse pressure 
gradient on the downstream side of the jet. Pressure distribution measurements 
conducted in the wind tunnel by the present authors (see Kelso 1991) as well as other 
authors such as Kavsaoglu & Schetz (1989) confirm that a strong adverse pressure 
gradient exists on the flat wall downstream of pressure minima located on either side 
of the pipe. These pressure minima occur at approximately f120” from the upstream 
side of the pipe in the case of R = 2.2 and at smaller angles at higher velocity ratios. 

Some additional observations are shown in figure 23. Here the dye was introduced 
into the flat-wall boundary layer upstream of the horseshoe vortex system on the far 
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FIGURE 22. Steady wall vortex pattern obtained at Re = 440,R = 6.0 and 6 / D  = 1.3, visualized by 
filaments of dye introduced far upstream. (a) Plan view, (b)  elevation view. In (b)  the location of 
the pipe is indicated by dye injected from the dye injection port at the upstream edge and an arrow 
head at the downstream edge. 

points is entrained into the CVP roll-up of the jet shear layer. Our observations 
suggest that these features are connected (somehow) to the wall vortices and they are 
also locations where flat-wall vorticity is lifted away from the wall to merge ultimately 
with the CVP. 

From these and many other detailed observations of dye traces a series of conjec- 
tured flow patterns have been constructed. These patterns describe the low Reynolds 
number flow case currently being discussed and also seem to fit the time-averaged 
observations over the range of Reynolds numbers and velocity ratios studied in this 
paper. The conjectured surface streamline pattern on the flat wall combined with the 

points is entrained into the CVP roll-up of the jet shear layer. Our observations 
suggest that these features are connected (somehow) to the wall vortices and they are 
also locations where flat-wall vorticity is lifted away from the wall to merge ultimately 
with the CVP. 

From these and many other detailed observations of dye traces a series of conjec- 
tured flow patterns have been constructed. These patterns describe the low Reynolds 
number flow case currently being discussed and also seem to fit the time-averaged 
observations over the range of Reynolds numbers and velocity ratios studied in this 
paper. The conjectured surface streamline pattern on the flat wall combined with the 
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FIGURE 23. Flow pattern obtained when dye, which is introduced ahead of the horseshoe vortex 
system, is swept to the rear side of the jet. Here it is lifted away from the flat wall at com- 
plex-eigenvalue critical points. The location of the pipe is indicated by dye released from the dye 
injection port below the upstream lip and an arrow head at the downstream lip. Re = 440, R = 6.0 
and S i D  = 1.3. 

conjectured streamline pattern in the vertical centre-plane are given in figure 24. No 
apologies are made for any scaling errors or distortion of the pattern as the aim here 
is to describe the flow topology only. Some of the features shown on the flat wall 
bear similarity to the observations of Krothapalli et al. (1990) and Foss (1980). 

Upstream of the jet exit on the flat wall (x,z-plane), where the horseshoe vortex 
system is formed, the surface flow pattern consists of a series of positive and negative 
bifurcation lines. These bifurcation lines lie around the front and sides of the jet, 
converging towards the rear of the jet and spiralling into a focus (complex-eigenvalue 
critical point A) adjacent to the rear side of the jet. A second focus (complex- 
eigenvalue critical point B) is shown upstream of A. This point lies close to the 
location where the bifurcation line of the separation (within the pipe) leaves the pipe 
as shown in figure 11. These complex-eigenvalue critical points are locations where 
fluid spirals in and is lifted away from the flat wall (see figure 23). On the downstream 
side of the jet, the flow pattern on the flat wall consists of a node on the centre-line 
(C) with saddles on either side. Bifurcation lines, on which these saddles lie, extend 
downstream. 

The surface streamline pattern inside the pipe (see figure 11) can be interpreted 
similarly and related to the rest of the flow pattern. In this pattern a node is indicated 
at the upstream edge of the pipe. This node as is also identified in figure 24. The 
presence of a second separation at the upstream edge of the pipe, as described in 
figure 14, has been neglected deliberately as it would only affect the topology in the 
immediate vicinity of the node. In the large, the pattern would be as shown in figures 
I1 and 24. On the downstream side of the pipe interior at 0 = 180", the surface 
streamlines diverge, indicating a positive bifurcation line. This is consistent with the 
saddle point indicated in figure 24. 

The vertical centre-plane in figure 24 contains features which have been dis- 
cussed earlier, including node G downstream of the jet which was inferred from 
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FIGURE 24. Composite streamline pattern. The horseshoe vortices are not included in section 
A-A. S denotes a saddle point and N denotes a node on the flat wall (x,z-plane) and centre-plane 
(x, y-plane). 

topological arguments and confirmed experimentally by dye visualization. Figure 
24 also shows a transverse cross-section of this flow on a sectional plane A-A 
(parallel to the y,z-plane) between node C and the downstream edge of the pipe. 
The location of one wall vortex is shown and the horseshoe vortices have been 
deliberately omitted. The separation point E in section A-A corresponds to the 
negative bifurcation line on the flat wall. The saddle point I corresponds to the 
positive bifurcation line on the centre-line (x-axis). The saddle point H above the 
flat wall corresponds to a locally horizontal (v = 0) streamline emanating from 
node G. 

5. Unsteady wake structure: the occurrence of upright vortices 
In $4, the structure of the wake region was described for the case of Re = 440 and 

R = 6.0 and the wall vortices were identified and shown to originate at the flat wall. 
It was also shown that the wall vortices seem to merge with the CVP immediately 
behind the pipe exit as shown in figure 22. However, when the Reynolds number 
is increased, the wake region develops unsteady vortices which we call the ‘upright 
vortices’ (see figure 1). Upright vortices are variously referred to in the literature 
as ‘wake vortices’ (Fric & Roshko), ‘spinoff vortices’ (Wu et al. 1988) and ‘zipper 
vortices’ (Morton & Ibbetson 1994). In figure 25, where Re = 1600 and R = 4.0, 
upright vortices are apparent in the wake and appear to be joined to the wall vortices 
and also ultimately merge with the CVP. Under these conditions, the upright vortices 
are shed irregularly or aperiodically with the vortex cores, as marked by the dye, 
being generally slender with respect to the jet diameter. A typical close-up view of 
the wake region is given in figure 25(b), which shows a vortex similar to a wall vortex 
(see arrow) lifting away from the flat wall. 
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FIGURE 25. Flow patterns obtained when dye is introduced from a slit in the flat wall a t  
Re = 1600,R = 4.0 and 6/D = 0.61: (a) and ( h )  show the same flow a t  different times and 
different magnification. The arrow in (b)  points to a vortex lifting away from the flat wail. 

Figure 26 (see p. 119) shows the wake region at a Re = 2700 and R = 4.0. 
These conditions were chosen on the basis of our observations that the shedding 
of the upright vortices becomes more regular with increasing Reynolds number and 
when the velocity ratio exceeds approximately 3. Under these conditions the upright 
vortices are more periodic and larger in scale and the vortex roll-up process involves 
the periodic oscillation of the entire jet flow pattern. This oscillation results in critical 
point A oscillating back-and-forth in the streamwise (x) direction from the relative 
position shown in figure 24 to immediately downstream of (or even merged with) 
critical point B. In figure 26, red and blue dyes were injected from the radial slits in 
the jet mounting disc. Here the jet mounting disc (see figure 2) was rotated by 45", 
and the slits at f45" from the centre-line on the downstream side of the jet were used 
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to mark the boundary layer fluid. In doing this, blue dye was introduced ahead of the 
location where the flat-wall boundary layer separated on the near side, with red dye 
introduced similarly on the far side. It was noted that most, if not all, blue upright 
vortices appeared to occur on the near side of the wake, with analogous behaviour of 
the red vortices, Occasionally, upright vortices were marked by a mixture of red and 
blue dyes. Figure 26(a) shows a flow regime where alternating red and blue upright 
vortices occur. Figure 26(b) shows a photograph taken a short time later under the 
same flow conditions, where the upright vortices occur in pairs of red followed by 
pairs of blue-marked vortices. The two patterns shown here were observed regularly 
at these flow conditions with the vortex orientation changing intermittently from 
one pattern to another. The pattern shown in figure 26(a) is the most commonly 
occurring. 

Flow visualization studies performed by Fric & Roshko (1989, 1994) and Fric 
(1990) also suggest that at high Reynolds number the upright vortex orientation may 
change from one pattern to another. Comparison of figure 6(b) of Fric & Roshko 
(1994) (figure 5.2 of Fric 1990, figure 6 of Fric & Roshko 1989) with other similarly 
obtained photographs shows that two distinct patterns may be occurring. Figure 27(a) 
shows a ‘cartoon’ of the typical horizontal cross-sectional flow pattern for all velocity 
ratios ( R  = 2,4,6,8 and 10) shown by Fric & Roshko. This pattern is similar to the 
classical von Karman vortex street, with vortices alternating in circulation, and seems 
to be the most commonly occurring. Figure 27(b) shows a ‘cartoon’ of the horizontal 
cross-sectional flow pattern presented in figure 6(b) of Fric & Roshko (1994). It 
shows the upright vortex pattern to consist, in this particular case, of mushroom-like 
structures where the vortices appear to be grouped into pairs of opposite circulation, 
in contrast to the classical von Karman pattern. It may be possible for a von Karman 
vortex street to evolve into such a configuration, but this is unlikely to occur over 
such a short distance. Note that these authors do not comment on the difference 
between the two flow patterns discussed here. 

Figure 28 shows three alternative mechanisms which may explain the observations 
depicted in figures 26 and 27. These scenarios are based on our observations that, 
when the wake is unsteady, the upright vortices are ‘shed’ versions of the wall 
vortices. As was mentioned earlier, the ‘wake’ of a jet in cross-flow is not a wake 
in the conventional sense, since, as pointed out by Morton & Ibbetson (1994), it is 
unlikely to have any deficiency in momentum in the mean sense at least arising from 
the jet itself, i.e. it cannot be regarded as a drag-producing obstacle (such as a solid 
cylinder) and any momentum and total pressure deficit would probably arise from 
the flat-wall boundary layer and dissipation as suggested by Fric & Roshko (1994). 
Hence the vortex configurations for the various streets must have the property of not 
giving a mean momentum deficit. 

A mechanism leading to upright vortex formations of the classical von Karman 
type is described by figure 28(a). This would give the appearance of the vortices 
forming alternately on one side then the other. If this scenario is correct, all 
upright vortices of the same sign would be marked the same colour in the present 
experiment. Figure 28(b) depicts a similar mechanism where the upright vortices 
convect downstream in successive pairs from each side of the wake, leading to the 
formation of a mushroom-like pattern. If this mechanism is correct, in the present 
experiment each mushroom would be composed of vorticity, hence dye, from both 
sides of the wake. Therefore, each mushroom would consist of one red vortex and one 
blue vortex. Figure 28(c) describes a mechanism leading to mushroom-like structures 
where the upright vortices are formed by vortex loops on either side of the wake. If 
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FIGURE 27. Authors’ interpretation of streakline patterns corresponding to the smoke patterns shown 
in Fric (1990) and Fric & Roshko (1989, 1994). (a) Interpretation of typical horizontal cross-section 
streakline patterns of Fric & Roshko; (b)  interpretation of figure W) of Fric & Roshko (1994) for 
R = 4.0,Z/D = 0.5, Re = 11400. Note: + and - signs indicate sign of eddy circulation. 

this scenario is correct, each mushroom would be composed of vorticity from one or 
the other side of the wake, leading to the mushrooms being marked all red or all blue 
in the present experiment. Further mechanisms have been proposed (e.g. Kelso, Delo 
& Smits 1993) and all are currently under investigation. 

6. Conclusions 

One can see that a kaleidoscope of phenomena exists for jets in cross-flow even 
for the simple case of the pipe outlet being flush with the wall. So far, in spite of its 
complexities, we have a broad understanding of the flow structure. Flow visualization 
in the water channel and flying-hot-wire measurements and smoke visualization in 
the wind tunnel have combined to give a fairly complete picture and critical point 
theory seems to be useful in interpreting these results. The results show that jets in 
cross-flow contain many vortex systems, all of which are somehow connected. It is 
clear that the separation pattern inside the pipe is important in the initial roll-up of 
the CVP. The vortex rings in the jet shear layer appear to tilt and bend such that they 
contribute a component of vorticity to the CVP. Vorticity from the flat wall also seems 
to contribute to the CVP by way of the wall vortices and the complex-eigenvalue 
critical points on the flat wall. Vortex breakdown appears to be occurring in the 
CVP near the pipe outlet. The upright vortices in the wake come from the vorticity 
generated at the flat wall and this vorticity somehow links up with the wall vortices 
and the CVP. Some alternative mechanisms for the shedding of the upright vortices 
in the wake have been suggested. The horseshoe vortex system Seems to Play only a 
minor role in the overall structure. Although it is difficult to summarize in a Precise 
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manner how all of the disparate observations fit together, the authors have attempted 
to summarize the relationship between the various phenomena in figure 29 which 
shows a tentative sketch in (R,Re)-space. To complete the picture, some additional 
observations have been included for the R < 2 region. 

The authors feel that most of the salient features on the surface of the pipe and the 
flat wall and the general flow structure surrounding the jet itself have been described 
adequately in broad geometrical and topological terms. Perhaps direct numerical 
simulations at low Reynolds numbers may shed some light on the features which 
are difficult to resolve experimentally. Although low Reynolds number flows have 
been discussed in this paper, the authors believe that the global topological features 
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Note 1: Most regular upright vortex shedding at R = 4; note 2: vortex breakdown at R > 3; note 
3 : see Lim, Kelso & Perry (1992) 
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described here apply to higher Reynolds number flows with velocity ratios between 
2.0 and 6.0. The correspondence between the lower Reynolds number instantaneous 
dye patterns (440 < Re < 2700 and 2.0 < R < 6.0) and the higher Reynolds number 
(Re = 6200 and R = 2.2) time-averaged wind tunnel measurements supports this 
suggestion. Comparison with the general body of literature supports this suggestion 
also. 

The authors wish to acknowledge the financial assistance of the Australian Research 
Council. The first author acknowledges the support of the CSIRO and the Defence 
Science and Technology Organisation. 
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