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Abstract Characteristics of high Mach number com-

pressible vortex ring generated at the open end of a short

driver section shock tube is studied experimentally using

high-speed laser sheet-based flow visualization. The for-

mation mechanism and the evolution of counter rotating

vortex ring (CRVR) formed ahead of the primary vortex

ring are studied in details for shock Mach number (M) 1.7,

with different driver section lengths. It has been observed

that the strength of the embedded shock, which appears at

high M, increases with time due to the flow expansion in

the generating jet. Strength of the embedded shock also

varies with radius; it is strong at smaller radii and weak at

larger radii; hence, it creates a velocity gradient ahead of

the embedded shock. At critical Mach number (Mc C 1.6),

this shear layer rolls up and forms a counter rotating vortex

ring due to Biot-Savart induction of the vortex sheet. For

larger driver section lengths, the embedded shock and the

resultant shear layer persists for a longer time, resulting in

the formation of multiple CRVRs due to Kelvin–Helmholtz

type instability of the vortex sheet. CRVRs roll over the

periphery of the primary vortex ring; they move upstream

due to their self-induced velocity and induced velocity

imparted by primary ring, and interact with the trailing jet.

Formation of these vortices depends strongly upon the

embedded shock strength and the length of the generating

jet. Primary ring diameter increases rapidly during the

formation and the evolution of CRVR due to induced

velocity imparted on the primary ring by CRVR. Induced

velocity of CRVR also affects the translational velocity of

the primary ring considerably.

List of symbols

M Incident shock Mach number inside the

shock tube

Mc Critical Mach number at which counter

rotating vortices form

Ub Velocity behind the incident shock at shock

tube exit

a Local speed of sound

u, v Axial and radial velocity components

‘ Driver section length of the shock tube

D Inner diameter of the shock tube

Vr Translational velocity of the vortex ring

Vs Shock speed inside the tube

Dr Diameter of the vortex ring

t Time, where t = 0 represents incident shock

at tube exit

t* = tUb/D Non-dimensional time

CRVR Counter rotating vortex ring

Ui Induced velocity of CRVR

1 Introduction

Study of compressible vortex ring generated at the open

end of a shock tube at high incident shock Mach number

(M) is important due to the presence of shock and expan-

sion waves in the flow field and large variations in the

thermodynamic and the physical properties across the
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vortex ring. Though the generation-mechanism is simple,

the unsteady nature of the flow field facilitates under-

standing many transient flows and supersonic turbulence.

There are very few experimental studies available for

compressible vortex ring at high M. Compressible vortex

ring emerging from an open end of a shock tube was first

observed experimentally by Elder and Hass (1952). They

calculated the trajectory of the vortex ring and the incident

shock, using spark Schlieren photographs for M = 1.12 &

1.32. Moore (1985) found theoretically that the propaga-

tion velocity of subsonic vortex rings is less if the flow is

considered compressible and is comparatively more if the

flow is considered incompressible. Arakeri et al. (2004)

studied the flow field of a vortex ring at the open end of a

short driver section shock tube, using Particle Image

Velocimetry (PIV). They examined the early evolution of

the vortex ring for three different M = 1.1, 1.2 & 1.3. They

observed that the translational velocity of the ring after

formation is 0.7Ub, where Ub is the velocity behind the

shock at shock tube exit which is calculated from moving

normal shock relations, using measured shock Mach

number. However, velocity at the exit initially increases as

flow expands and reduces gradually as the expansion waves

from the driver section reaches the shock tube exit.

Flow velocity, density, temperature and pressure behind

the incident shock increase as M increases (shock tube

relations, Anderson 1982). This causes more expansion of

flow at the exit during vortex ring formation, and compli-

cated expansion/shock wave-structures are observed at

high M. Phan and Stollery (1983) first noted the presence of

embedded shock (see Figs. 2f–g, 3) in the axial region

(Fig. 2h) of a vortex ring, besides expansion waves at the

exit, using schlieren photographs for M = 1.5. They con-

firmed the presence of an embedded shock and its rearward

facing nature (along the axial direction, the embedded

shock profile is straight and is curved inwards near the

vortex core as seen in Figs. 2h, 3) through pressure mea-

surements along the axis. Baird (1987) verified more

clearly the shock structure formed during the evolution of

vortex ring, using differential interferometry. He calculated

velocity, pressure and temperature at different regions

using on-axis pressure measurements and verified the

measured quantities with steady, quasi-1-D shock/expan-

sion wave relations. He noted that the De-Laval nozzle

type flow experienced at the axial region due to the pres-

ence of vortex ring is responsible for the embedded shock

formation. He also found that the rearward facing embed-

ded shock does not extend up to the vortex core and dis-

appears in the region where viscous effects dominate.

Brouillette et al. (1995) found that the threshold Mach

number for embedded shock formation is 1.34 when the

driver section length is larger than the critical length.

Critical length is defined as a driver section length at which

the first expansion waves reflected from the rear end of the

shock tube catches the incident shock at the shock tube

exit. Brouillette and Hebert (1997) observed the appear-

ance of embedded shock at M = 1.43 using critical length.

They also observed a phenomenon of counter rotating

vortex ring (CRVR) formation ahead of the main vortex

ring for critical Mach number (Mc C 1.6) using shadow-

graph technique. They stated that the embedded shock

forms due to supersonic flow in the axial region of the

vortex ring, and the CRVR forms due to flow separation

caused by the adverse pressure gradient across the

embedded shock. They also mentioned that the CRVR

merges with the primary ring because of mutual interaction

during its evolution and becomes poorly defined vortical

structure at later stage. However, it is unclear what

Brouillette and Hebert (1997) mean by flow separation

across the shock. Minota (1998) also observed the forma-

tion of CRVR and embedded shock in the axial region of

the impulsive flow generated from the shock tube while

studying the interaction of vortex ring and shock wave.

Kontis et al. (2006) observed the formation of multiple

CRVR ahead of the primary vortex ring for M = 1.63

using high-speed schlieren photography during their study

of vortex ring interaction with generic bodies. They studied

the flow field of compressible vortex ring for three Mach

numbers 1.28, 1.52 and 1.63 using a shock tube with the

driver and the driven section length of 750 and 1310.5 mm,

respectively. They found that for M = 1.28, the vortex ring

generated at shock tube exit is shock free, whereas for

M = 1.48, an embedded shock is formed in the axial

region and for M = 1.63 multiple CRVRs are formed

ahead of primary vortex ring, besides the formation of

strong-embedded shock. They stated that a larger number

of tiny CRVRs will be generated as the compressibility

increases (M increases). Study of head-on collision of a

vortex ring with the solid and perforated walls by Kontis

et al. (2008) using high-speed schlieren technique also

exhibits formation of multiple CRVRs.

The present paper focuses on the mechanism of CRVR

formation, its subsequent evolution with space and time

along with the effects of CRVR on translational velocity

and diameter of the primary vortex ring. Flow has been

generated at the open end of a shock tube. Effects of Mach

numbers and driver section lengths have been addressed. It

has been observed that CRVR rolls over the periphery of a

primary vortex ring interact with the trailing jet after

reaching the rear side of the primary vortex ring. In this

paper, the term generating jet implies the jet attached to the

leading vortex ring and the term trailing jet means the

detached jet that is no longer involved in the formation of

vortex ring. The observed evolution of CRVR is entirely

different from the evolution stated by Brouillette and

Hebert (1997) where CRVR merges with the primary ring
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after its formation. Murugan and Das (2007b) studied the

evolution of CRVR along with its acoustic characteristics

for M = 1.69. They found that the acoustic fluctuations

generated during embedded shock-vortex ring interaction

and the formation of CRVR is dominant compared to the

roll up and formation of primary ring. Murugan and Das

(2009) has also shown the complete evolution of single

CRVR formed ahead of the primary vortex ring for

M = 1.7 using high-speed smoke visualizations.

For impulsive under-expanded flow emerging from the

open end of a shock tube, the shock and expansion wave

structures are shown by Baird (1987); Brouillette and Hebert

(1997); Minota (1998) and Kontis et al. (2006, 2008).

However, these visualization pictures have not shown the

details of the flow field because of the integral nature of the

visualization techniques (interferometry, schlieren and

shadowgraph) that respond to the density variations. Shad-

owgraph, Schlieren and interferometry images are two-

dimensional projections of a three-dimensional density field.

Hence, all depth information along the optical axis is lost.

Other studies of compressible vortex ring (Arakeri et al.

2004; Aure and Jacobs 2008; Haertig et al. 2006, Cetegen

and Hermanson 1995) are for low M. Though Brouillette and

Hebert (1997) and Kontis et al. (2006, 2008) observed the

CRVR ahead of the main vortex ring, neither the mechanism

of CRVR formation nor its evolution are discussed because

of the limitations of the visualization techniques used.

Unlike schlieren and interferometry techniques, flow

field is illuminated using smoke particles and laser light

sheet in the present experiments. As the flow is axisym-

metric, here it is visualized in a horizontal diametrical

plane rather than exposing the entire flow field like in

optical techniques. Strong-embedded shock is observed in

few flow visualization pictures where the smoke intensity

is optimum. Though earlier studies (Baird 1987; Brouillette

and Hebert 1997, Kontis et al. 2008) show the formation of

embedded shock in the axial region using optical tech-

niques, the same is identified here from variation in leading

smoke front during evolution of the vortex ring at different

times. As the fluid inside the shock tube rolls over the

ambient fluid during formation, the vortex ring’s core is

always filled with ambient fluid (no smoke particles) for

laminar vortex ring. However, the vortex ring’s core is

filled with smoke as the ring becomes turbulent due to

velocity fluctuations. Effect of the driver section length (‘)

and the Mach number (M) on the CRVR formation is

presented. The variation in the diameter of vortex ring at

different M and ‘ is also presented along with the mecha-

nism responsible for the diameter variations.

2 Experimental setup

A cylindrical shock tube (as shown in Fig. 1) of variable

driver section length is used for generating compressible

vortex ring. Inner and outer diameters of the shock tube are

64 and 100 mm, respectively. Maximum driver section

length is 315 mm and the driven section length is

1,200 mm. The exit of the shock tube is made sharp with

60� champers. Length of the driver section is varied by

placing cylindrical aluminum blocks of various lengths

inside the tube. The shock tube is kept at a height of 1.78 m

Fig. 1 Experimental setup
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to avoid any interaction between the flow and the reflected

shock from the floor. At the highest Mach number

(M \ 2.1) considered here, the incident shock reflects back

to the flow from the ground only after few milliseconds

([6 ms). The entire evolution of CRVR occurs at less than

2,500 ls and hence, the flow field is free from reflected

shocks. Signals from pressure transducers kept inside the

shock tube are measured using NI 4472, 24-bit card with

100 kHz sampling rate. To achieve high M, helium is used

as a driver section gas for all experiments. Mylar sheets of

different thickness are used as diaphragms that are ruptured

using a heated nichrome wire.

The shock speed (Vs) is measured from the difference in

arrival time of the shock at two pressure transducers kept

300 mm apart inside the shock tube. The first transducer is

kept at a distance of 200 mm from exit. Shock Mach

number (M) is calculated from the shock speed and ambient

speed of sound. Mach number can vary slightly in different

experiments due to improper bursting of diaphragms,

uneven heating of diaphragms and slight changes in driver

section pressure. Maximum variations of M in repeated

experiments are found to be within ±1.8%. The shock tube

driven section is filled with a desired amount of paraffin oil

smoke for flow visualization. The ambient fluid outside the

shock tube is not seeded with smoke particles. However,

small amount of smoke is usually present near the shock

tube exit after seeding. These smoke particles do not affect

the flow field of vortex ring (Fig. 2g, h) due to their negli-

gible velocity. Hence, the illuminated flow field is essen-

tially the fluid that comes out from the driven section of the

shock tube. The flow field is captured using a double-pulsed

Nd: YAG laser (Quanta system, 200 mJ/pulse) and a CCD

camera (Pixelfly 1,280 9 1,024 pixels). The laser and the

CCD camera are synchronized using an external synchro-

nizing unit, which receives trigger signal from the pressure

transducer kept inside the shock tube. The flow fields at

different times are obtained by varying the delay in the

synchronizing unit, which can be varied from 1 ls to 10 ms.

Fig. 2 Formation and evolution of CRVR for M = 1.7 and

‘ = 165 mm at different times, t = (a) 34 ls (b) 67 ls (c) 104 ls

(d) 164 ls (e) 184 ls (f) 224 ls (g) 277 ls (h) 317 ls (i) 504 ls (j)

574 ls (k) 674 ls (l) 744 ls (m) 784 ls (n) 847 ls (o) 954 ls (p)

994 ls (q) 1,064 ls (r) 1,074 ls (s) 1,167 ls (t) 1,280 ls (u)

1,367 ls (v) 1,480 ls (w) 1,607 ls (x) 1,767 ls (y) 1,967 ls
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3 Results and discussion

Results are presented in following sequence. Initial stage of

evolution along with the characteristics of under-expanded

flow behind the ring is discussed first. Subsequently, the

mechanism of CRVR formation, the growth and motion of

CRVR, and their interaction with each other and trailing jet

are discussed. The vortex ring diameter is defined as the

distance between the centers of the cores in cross-sectional

view of the vortex ring (Fig. 2c). The ring diameters at

different time are measured from flow visualization pic-

tures. Translational velocity (Vr) of the primary vortex ring

is measured from the displacement of the vortex core in

two consecutive images obtained at 30 ls time difference.

The time difference between two consecutive images is

kept large enough to have sufficient pixel displacement of

vortex core. Viewing area of the camera is varied accord-

ing to the size of the vortex ring, to improve the accuracy

of measurement. For example, during early stage of for-

mation, the ring size is small (&D) hence small area is

focused. Minimum pixel displacement of the vortex centers

in horizontal direction for M = 1.7 between two consecu-

tive images at t = 42 ls and t = 72 ls is 15 pixels. Cor-

responding pixel displacement in radial direction is 26

pixels. Axial (u) and lateral (v) components of velocity of

CRVR are also measured from flow visualization pictures.

The outward velocity of CRVR is taken as positive and the

inward velocity as negative. Though the vortex core is

laminar and circular during its formation (Fig. 2a–e), soon

it becomes turbulent and non-circular (Fig. 2n–t) as

observed during its evolution in the cross-sectional view,

where the centers of the vortex cores are identified

approximately visually. Hence, the translational velocity of

CRVR, measured during its evolution may have ±10%

variation.

3.1 Flow expansion at the open end and formation of

vortex ring

Formation and growth of the primary vortex ring for

M = 1.7 and ‘ = 165 mm is shown in Fig. 2. Figure 2a–h

shows details of the early stage of evolution, while Fig. 2i–t

shows the later stage when CRVR forms. The incident shock

diffracts at exit and the fluid behind it expands due to strong

favorable pressure gradient between the ambient and the

shock tube fluid. Flow visualization pictures in Fig. 2a–c,

(t & 34–104 ls) show the roll up of the vortex sheet that

occurs to satisfy the Kutta condition (Saffman 1978) at sharp

exit after diffraction of the incident shock. The core of the

vortex ring is stable and laminar during the rolling up pro-

cess. The diameter of the vortex ring increases rapidly during

initial roll up (Fig. 2a–e, up to t = 184 ls) and rapid

expansion of flow in the generating jet aids to the growth.

The rate of expansion is more for large M cases compared to

small M flow (Murugan 2008). The vortex ring moves pre-

dominantly downstream after initial formation (Fig. 2f–j).

Vortex sheet in the generating jet behind the primary

vortex ring (Fig. 2g) forms tiny shear layer vortices due to

Kelvin–Helmholtz type instability. Glezer (1988) observed

transition of vortex ring from laminar to turbulent state in

water tunnel using piston cylinder arrangement. He found

that the Kelvin–Helmholtz-like instability developed at the

vortex sheet at high Reynolds numbers, initiates the tran-

sition process. He also found that the vortex ring becomes

turbulent quickly after formation at sufficiently large

Reynolds number. Lim (1997) proposed a model for

incompressible turbulent ring, where the leapfrogging and

the tilting of secondary vortex ring formed at the generat-

ing jet is responsible for turbulent ring formation in addi-

tion to Kelvin–Helmholtz-like instability. The shear layer

vortices of the generating jet propagate into the vortex core

in Fig. 2d–g and cause instability of the vortex core in

Fig. 2h–k. The unstable core of the vortex ring eventually

becomes turbulent in Fig. 2n–q. This phenomenon is also

identified by Murugan and Das (2008) for comparatively

less M (M = 1.55) using high-speed flow visualizations.

Reynolds number of the flow behind the incident shock

for M = 1.7 is 3.372 9 106 as compared to 2.313 9 106

for M = 1.55. Thus, the density difference between the jet

and ambient and Reynolds number is higher for M = 1.7

compared to M = 1.55, resulting rapid transition by

increasing the growth of instabilities. When the transition

process is rapid, the vortex ring’s core becomes non-cir-

cular (Fig. 2l) and turbulent (Fig. 2q) before pinching-off.

The pinching-off (Gharib et al. 1998) of the leading vortex

ring occurs when vortex ring’s vorticity field separates

from the generating jet’s shear layer owing to its self-

induced velocity. It is difficult to identify the exact

pinching-off time from the flow visualizations. Emergence

of the jet that is not entrained into primary ring is con-

sidered as an indicator for pinching-off initiation. Reduced

jet diameter in the axial region of vortex ring in Fig. 2y at

t = 1,967 ls compared to Fig. 2v–w indicates the initia-

tion of isolation process of the vortex ring from the jet. The

initiation of pinching-off can also be observed in Fig. 5p–q.

Pinching-off process occurs over certain time duration and

a precise knowledge of it can be obtained from Gharib

et al. 1998 for incompressible flow. It cannot be obtained

only through flow visualization and is not considered in

this paper.

The leading flat smoke front along the axial region, at

t = 34 ls in Fig. 2a shows the initiation of flow expansion,

after diffraction of the incident shock during which the

vortex sheet rolls up. This flat smoke front is due to uni-

form flow behind the shock at the exit. It gradually

becomes convex as the flow expands supersonically at the
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exit during vortex ring’s growth in Fig. 2b–d. The shock/

expansion waves formed in the flow field during expansion

of the flow from the shock tube is reported in literature for

M = 1.5 (Phan and Stollery 1983; Baird 1987) and

M = 1.63 (Kontis et al. 2006, 2008). Baird (1987) calcu-

lated thermodynamic quantities, pressure, temperature,

density, flow velocity, and M at different sections (0, 1, 2,

and 3 in Figs. 2j, 3) using the visualized oblique shock

wave angles and pressure measurements at different sec-

tions for M = 1.5. In Baird’s (1987) case, the pressure,

2.48x105N/m2 and the velocity, 236 m/s behind the inci-

dent shock at the exit produce pressure, 0.8 9 105N/m2

and velocity, 518 m/s in the region 0 (Fig. 2j) due to flow

expansion. As in the present study, flow is visualized by

illuminating particles the wave angles are not visible.

Hence, the above analysis of Baird (1987) is not per-

formed. However, flow properties behind the incident

shock at exit are calculated using measured M = 1.7 inside

the shock tube and the moving normal shock relations

(Anderson 1982). The static pressure and the velocity

behind the shock at exit are 3.18 9 105N/m2 and

317.37 m/s, respectively. As the pressure and the velocity

behind the shock at the exit for M = 1.7 are much higher

than the Baird’s (1987) case (M = 1.5), the generating jet

velocity at region 0 in Fig. 2j is larger than 518 m/s

(velocity measured by Baird 1987 for M = 1.5). From

Fig. 2a–j, it is observed that flow evolves from purely

divergent flow (Fig. 2d dotted line) to converging–diverg-

ing (Fig. 2j dotted line) nozzle type flow as observed by

Baird (1987).

For M \ 1.5, the expansion waves reflected from the

driver section wall catches the incident shock much earlier

compared to the high M cases. As the leading expansion

wave travels toward the rear end of the shock tube with the

slope of 1/a (a = speed of sound) irrespective of M in the

x–t diagram (Anderson 1982), it first catches the incident

shock, which travels slow. Thus, the flow is not clean for

these cases. This results in expansion of flow for short

duration for low M, which in turn produces either super-

sonic flow for short duration or subsonic flow in the gen-

erating jet. Hence, the primary vortex ring is not affected

rigorously by the generating jet for low M and moves like a

laminar vortex ring downstream (Murugan and Das 2007a).

The translational velocity of the ring measured at

t = 534 ls is 225 m/s. The asymptotic translational

velocity of the compressible vortex ring after pinching-off

is approximately 0.7 Ub (Arakeri et al. 2004).

Formation of the embedded shock is observed at

t = 164 ls in Fig. 2f, where it is very weak. The embed-

ded shock strength increases gradually from Fig. 2g–h.

This is observed from the change in smoke intensity across

the shock. The smoke particle ahead of the embedded

shock in region 3 in Fig. 2h is brighter than that in region 2

due to increase in density across the embedded shock.

Effect of the increase in strength of the embedded shock is

also visible from change in leading smoke front. The

convex smoke front in Fig. 2d–f gradually changes into

straight profile in the axial region in Fig. 2j. This shows

that the velocity in the axial region reduces gradually,

possible only by increase in strength of the embedded

shock. This embedded shock forms in the axial region

ahead of vortex plane due to adverse pressure gradient

resulting from over-expansion ahead of vortex plane.

Presence of embedded shock in the axial region is observed

clearly in Fig. 2g. The pressure and velocities (with ref-

erence to the vortex ring) measured by Baird (1987) across

the embedded shock (at regions 2 and 3) are 74 ± 8 and

136 ± 9 kPa and 434 and 283 ± 8 m/s, respectively for

M = 1.5. The large gradient in pressure and velocities

from region 2 to region 3 and the interferometry visual-

izations confirmed the presence of embedded shock for

M = 1.5. Baird (1987) proved from 1-D calculation that

this embedded shock forms in the axial region due to C-D

nozzle type flow experienced upstream and downstream of

the vortex plane (Fig. 2i). Flow expansion at exit increases,

as M increases resulting into the formation of strong

embedded shock. Thus, it is inferred that the embedded

shock also forms for M = 1.7, and its strength is more

compared to that at M = 1.5.

3.2 Formation and evolution of CRVR

It is observed in the previous section that for high M flow,

embedded shock forms (Fig. 2f–h, for M = 1.7, driver

section length (‘) = 165 mm) due to C–D nozzle effect

(Baird 1987). The embedded shock is normal along the

axis of the vortex ring and curved near the vortex core

(Fig. 2g–k); strength of the embedded shock gradually

decreases with increasing radius. Nearly same intensity of

smoke at regions 2 & 3 in Fig. 2r–w denotes disappearance

of the embedded shock. Reduction in velocity ahead of the

Fig. 3 Schematic diagram shows the flow field of generating jet at

time t = t1 and t2 for M = 1.7
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shock at larger radii is less compared to that at smaller radii

due to change in embedded shock strength in the radial

direction (see Fig. 3). This induces a shear in the annulus

fluid layer ahead of the embedded shock. This phenomenon

is observed from flow visualization pictures in Fig. 2i–m,

where the straight leading smoke front in the axial region

becomes concave shaped as explained with a schematic in

Fig. 3 at two different time instances, say t1 and t2 where

t2 [ t1.

Strength of the embedded shock increases with increase

in M. As a consequence, the velocity gradient in the

annulus shear layer becomes stronger than that at low M.

At a critical Mach number (Mc = 1.6, for Brouillette and

Hebert (1997) case), the flow velocity near the vortex core

is much higher than the velocity near the axis of the ring

(Fig. 2l). Hence, strong shear layer is formed ahead of the

embedded shock, which is shown in Fig. 3, at t = t2. Since

the shear layer has a definite starting point (i.e., just ahead

of the embedded shock), and it is a result of faster moving

fluid at larger radii and slower moving fluid at smaller

radii, it can be modeled as a semi-infinite shear layer as

shown in Fig. 4a. By Biot-Savart induction, this vortex

sheet rolls-up into spiral form as shown in Fig. 4b. The

spiral roll-up process in relation to vortex ring formation

has been simulated, modeled, and described in numerous

studies (e.g., Pullin (1978, 1979), Nitsche and Krasny

(1994)). The mechanism leading to the formation of pri-

mary vortex ring and first CRVR from the vortex sheets is

the vortex sheet roll-up.

The circulation of the vortices formed ahead of the

embedded shock is opposite to the primary vortex ring.

Hence, it is termed as counter rotating vortex ring

(Brouillette and Hebert 1997). CRVR, after formation, roll

over the periphery of the primary vortex ring (Fig. 2n–v)

upstream with respect to the primary ring due to their self-

induced velocity and induced velocity imparted by the

primary ring. In fact, the influence of the primary vortex

ring on the CRVR’s motion is expected to be dominant due

to its larger circulation compared to that of CRVR. CRVR

grows in size during their evolution. Nature of the induced

velocity of CRVR is discussed in detail at Sect. 3.7. CRVR

after reaching the rear side of the primary ring ejects

upstream (Fig. 2w). It interacts with the trailing jet

(Fig. 2x–y) due to entrainment, and loses its identity

quickly owing to its opposite circulation to the trailing jet

vortices. The embedded shock begins to lose its strength

during the growth and evolution of CRVR, due to reduction

in trailing jet velocity (Fig. 2n). This can be seen in

Fig. 2n–w where the concave leading smoke front in the

axial region changes into convex profile. The convex

profile forms when the velocity along the axis is higher

than that along the shear region, possible only by reduction

in the embedded shock strength. The embedded shock

ultimately disappears far downstream in Fig. 2x as the

trailing jet velocity becomes subsonic.

3.3 Formation and evolution of multiple CRVR

Multiple CRVR are observed as the driver section length (‘)

increases from 165 mm to 315 mm for the same M = 1.7.

Figure 5 shows the formation and evolution of multiple

CRVRs. As ‘ increases, the embedded shock persists in the

axial region for longer duration due to late arrival of

expansion waves from the driver section to exit. Hence, the

shear layer continues developing in the axial region. This

leads to the formation of additional vortices behind the first

CRVR due to Kevin–Helmholtz type instability. The annu-

lus shear layer is perturbed by fluctuations in turbulent vortex

core and their interactions with the embedded shock.

Andreopoulos et al. (2000) and Agui et al. (2005) found that

the interaction between turbulent fluctuations and embedded

shock is mutual during shock–turbulence interaction. The

shock wave experiences substantial oscillations and defor-

mation, and the characteristic velocity, timescales and length

scales of turbulence changes considerably as a result of

embedded shock-turbulent fluctuations interaction. They

have also emphasized that the consequences of the interac-

tion depends not only upon the strength, orientation, loca-

tion, and shape of the shock wave but also upon the flow

geometry, boundary conditions, state of turbulence, and

compressibility of the incoming flow. The annulus layer of

fluid with higher shear is also inviscidly unstable due to

inflectional nature of velocity profile. Thus, the fluctuations

in the shear layer rolls up into multiple CRVR as shown in

Fig. 5f–h due to Kevin–Helmholtz type instability (Lord

Kelvin 1871). The shadowgraph images obtained by Zare-

Behtash et al. (2008) also shows the presence of CRVR ahead

of embedded shock and stated that CRVRs are formed due to

Kevin–Helmholtz instability. Parameters, such as, embed-

ded shock strength, its duration of presence in the generating

jet, velocity and density variations in the shear layer, and the

embedded shock-turbulence interactions, are responsible for

subsequent nature of evolution of multiple CRVRs.
Fig. 4 Schematic showing roll up of the annulus vortex sheet into a

vortex due to Biot-Savart interactions
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Figure 5e shows the formation of first CRVR that is

followed by secondary and tertiary CRVRs ahead of the

primary ring as shown in Fig. 5f–g. Thus, multiple CRVRs

are formed continuously ahead of the primary vortex ring

(Fig. 5f–h) till the embedded shock losses its critical

strength. The duration of flow expansion at the exit for two

different ‘ is verified from clean flow time obtained ana-

lytically from inviscid flow calculations. Clean flow time is

the time gap between the arrival of shock wave and the

expansion waves at the tube exit. The durations of clean

flow for ‘ = 165 and 315 mm are 3.26 and 282 ls,

respectively. Hence, for ‘ = 315 mm the flow expansion

time is longer than that for ‘ = 165 mm. Multiple CRVR

are formed due to persistence of the embedded shock for a

prolonged period.

These multiple CRVR move along the periphery of the

primary ring either separately (with a tendency of merging,

Fig. 5g) or merged together due to leap-frogging action

(Fig. 5j). Multiple CRVRs’ interaction makes the flow

asymmetric with respect to axial direction (Fig. 5g). It is

verified from several experiments that the asymmetry is

present for M = 1.7 with ‘ = 315 mm, whereas it doesn’t

exists for small M cases. The asymmetry is not observed also

during the formation and the growth of the first CRVR

(Figs. 2m–r, 5d–f). The primary vortex ring is highly tur-

bulent for ‘ = 315 mm in Fig. 5 in contrast to the case for

‘ = 165 mm in Fig. 2. The asymmetry can be attributed to

peripheral motion of the multiple vortex rings in Fig. 5i–m.

Like single CRVR, multiple CRVRs also move upstream and

eventually interact with the trailing jet as shown in Fig. 5l–o.

Fig. 5 Formation and evolution of multiple CRVR for M = 1.7,

‘ = 315 mm at t = (a) 445 ls (b) 507 ls (c) 580 ls (d) 673 ls (e)

803 ls (f) 863 ls (g) 1,003 ls (h) 1,043 ls (i) 1,083 ls (j) 1,213 ls

(k) 1,153 ls (l) 1,373 ls (m) 1,480 ls (n) 1,680 ls (o) 1,780 ls (p)

2,040 ls (q) 2,146 ls
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3.4 Critical condition for CRVR formation

Figure 6 shows the flow visualization pictures obtained

without clean flow for various M using small ‘ = 115 mm.

Here, the expansion waves catch the incident shock before

they reach the shock tube exit. Hence, the velocity behind

the incident shock decreases continuously and the flow is

not clean (uniform). In the previous cases (Figs. 2, 3),

formation of CRVR starts at t & 650 ls and its evolution

is observed up to t & 1,800 ls. Therefore, the flow visu-

alizations at different time between t & 650 and 1,800 ls

are used to verify the effect of M on the formation of

CRVR. The vortex ring evolution at t = 780 and 784 ls

for M = 1.6 and 1.64 in Fig. 6a, b, the leading smoke front

is convex. The convex profile of smoke in the leading

portion ensures the weak nature of the embedded shock,

which doesn’t produce substantial flow deceleration at the

center and therefore CRVR does not form at this Mach

number. Here, the flow expansion at exit is not sufficient to

induce a strong embedded shock in the axial region of the

flow. Flow visualizations at t = 770 and 753 ls for

M = 1.67 and 1.7 in Fig. 6c, d, respectively, the leading

smoke front in the axial region is flat and shows the for-

mation of embedded shock. However, it is not sufficiently

strong to induce large velocity gradient in the annulus shear

layer.

Figure 6e, f shows the vortex ring evolution at t = 907

and 880 ls for M = 1.73 and 1.77, respectively. Here, the

concave leading smoke front in the axial region shows the

formation of the embedded shock, which is just strong

enough to create weak annulus shear layer ahead of the

primary vortex ring. In Fig. 6g, a tiny CRVR is observed

for M = 1.83 at t = 980 ls. This shows that the CRVR

can also be generated without the clean flow. Strength of

the embedded shock has to be very high for producing

substantial velocity gradient in the shear layer. The flow

visualizations and inviscid calculations reveal that the M

required for producing CRVR depends upon the critical

strength of the embedded shock and its duration of pres-

ence. This condition is satisfied either by very high M or by

long driver section length (‘). For any ‘, there is a lower

limit of M (1.6, Brouillette and Hebert 1997) above which

the CRVR forms ahead of the primary vortex ring.

Figure 7 shows the effect of driver section length (‘) and

Mach number (M) upon CRVR formation. Experiments are

performed from M = 1.32–1.9 for four driver section

lengths 65, 115, 165, and 315 mm. For ‘ = 315 mm,

CRVR is observed ahead of vortex ring at M = 1.63. As M

increases, multiple CRVR are formed, and the primary ring

is severely affected by them. For ‘ = 165 mm, CRVR

forms at M = 1.71. Here, multiple CRVR are not observed.

Strength of the CRVR increases as M increases. For

‘ = 115 mm, CRVR that forms at M = 1.83 is weaker

than the CRVR in higher ‘ cases. For ‘ = 65 mm, no

CRVR is formed for M up to 1.9. The dotted line in Fig. 7

shows the limit after which CRVR forms in the ‘–M plot.

3.5 Effect of M on CRVR formation

Figure 8 shows flow visualization pictures for various M

with ‘ = 315 mm. As ‘ is large, the jet length followed by

the primary ring is long and the expansion of flow con-

tinues for relatively longer time. Flow expansions eventu-

ally enhance the embedded shock strength as well as the

duration of its presence in the axial region. The embedded

shock causes severe stretching and deformation of primary

ring seen in Fig. 8. For M up to 1.88 in Fig. 8a–d, though

the primary vortex ring is seriously affected, its core

structure is still preserved. At M = 1.93 and above, the

primary vortex ring becomes highly unstable as it evolves

Fig. 6 Effect of M on evolution of vortex ring (a) M = 1.6 @ 780 ls (b) M = 1.64 @ 787 ls (c) M = 1.67 @ 770 ls (d) M = 1.70 @ 753 ls

(e) M = 1.73 @ 907 ls (f) M = 1.77 @ 880 ls (g) M = 1.83 @ 980 ls for ‘ = 115 mm
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(Fig. 8e). For M = 1.7, the CRVR are stable and their

identities are distinct (Fig. 5), whereas at higher M C 1.93

in Fig. 8e, f, the CRVR are difficult to identify from the

primary ring. The primary vortex rings are also affected by

the presence of strong CRVRs, besides the generating jet

interaction for large M cases. Hence, the primary vortex

ring’s core also deforms and becomes an irregular turbulent

structure (Fig. 8f). At M C 2.1, the smoke particles are

condensed due to large expansion of flow at the exit and the

flow can no longer be visualized without pre-heating the

driven section gas of the shock tube.

3.6 Effect of CRVR on diameter variation

Figure 9 shows the variation of the vortex ring’s diameter

with non-dimensional time, t* (= tUb/D) for ‘ = 165 mm

and two different M. The diameter of the vortex ring

increases rapidly during initial roll up and formation for

non-dimensional time, t* \ 2. This is attributed to signif-

icant lateral velocity of the vortex sheet during roll up at

sharp exit, and flow expansion. The diameter of the vortex

ring is more for large M (=1.73) case compared to small M

(=1.33) case for same non-dimensional time, as seen in

Fig. 7 Effect of driver section

length and M on CRVR

formation

Fig. 8 Effect of M on evolution of vortex ring (a) M = 1.84 @ 837 ls (b) M = 1.84 @ 1,167 ls (c) M = 1.88 @ 1,073 ls (d) M = 1.88 @

1,114 ls (e) M = 1.93 @ 1,100 ls (f) M = 1.93 @ 1,140 ls (g) M = 2.1 @ 1,020 ls (h) M = 2.1 @ 1,060 ls for ‘ = 315 mm
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Fig. 9, is due to flow expansion. The radial growth

diminishes with time, as the vortex ring translates down-

stream and the diameter of the vortex ring asymptotically

reaches to a constant value. At M = 1.33, gradual increase

in the diameter is observed during translation for t* [ 3

due to viscous diffusion. For M = 1.7, an embedded shock

forms for t* [ 1.3, during the growth of the primary ring.

Variation of diameter during this period is relatively slow

and is the consequence of flow expansion behind and ahead

of the vortex plane (Fig. 2g, C–D nozzle type flow) besides

the interaction of the embedded shock with the vortex ring

along the azimuthal direction. Increase in the diameter is

gradual during vortex ring’s evolution up to t* \ 3.5.

However, it increases rapidly as the CRVR forms and

interacts with the primary ring during its orbital motion

(3.5 \ t* \ 7). The diameter of the vortex ring reduces

marginally during initiation of pinching-off at t* & 7.6.

Figure 10 shows the variations of primary vortex ring’s

diameter with non-dimensional time for ‘ = 315 mm and

four different M. Here, the primary vortex ring moves

larger distance with the generating jet before it pinches-off

compared to the case for ‘ = 165 mm (Fig. 9). The

diameter of the vortex ring increases during formation up

to t* \ 2 as M increases from 1.35 to 1.85. The increase in

diameter at M = 1.85 is larger than that for M = 1.7. This

verifies that the vortex ring diameter increases with the

increase in M. Vortex rings are shock free for M \ 1.43

(Brouillette and Hebert 1997) and vortex rings have

embedded shock for M [ 1.43. Increase in the diameter

during the vortex ring’s growth from t* & 2 to 3.5 is small

for M B 1.45. This shows that the expansion of the gen-

erating jet is small and the embedded shock formed in the

axial region at M = 1.45 is very weak. This can also be

inferred from Fig. 7, where a week embedded shock is

unable to produce a CRVR for 1.43 \ M \ 1.6. At

M = 1.7 and 1.85, the strength of the embedded shock

increases (Figs. 2f–k, 8a–b) during evolution from t* & 2

to 3.5 due to continuous expansion of the generating jet,

which induces substantial lateral movement to the vortex

core compared to less M (B1.45).

At t* [ 3.5, the gradual increase in diameter due to

viscous diffusion is observed for M = 1.35 and 1.45. For

M C 1.7, the diameter of the vortex ring increases abruptly

during formation of CRVR at t* [ 3.5. This is due to

interaction of multiple CRVRs with the primary ring.

Diameter of the primary vortex ring reduces considerably

when CRVRs move toward the leeward side of it.

Figure 11 shows the evolution of vortex ring diameter for

‘ = 165 and 315 mm for different M. Here for M & 1.3

and 1.7, the vortex ring diameter is large for ‘ = 315 mm

compared to the ‘ = 165 mm. The flow expansion is larger

for ‘ = 315 mm and multiple CRVR formed (M = 1.7)

compared to ‘ = 165 mm. Hence, the flow expansion play

major role in diameter variations. The role of CRVR in

primary ring’s diameter variation is discussed in Sect. 3.8.

3.7 Translational velocity of primary and CRVR

The schematic in Fig. 12a shows the position of CRVR in

dotted line at various stations during its evolution along

with the primary vortex core, generating jet vortices and

embedded shock. Figure 12b shows the angular location,

axial and lateral velocity of CRVR with respect to primary

vortex ring’s core for M = 1.7 and ‘ = 165 mm. The

angular location of the counter rotating vortex ring is

measured from the primary vortex core in the clockwise

direction as shown in Fig. 12a. Velocities are measured

from the x and y displacement of the core in two consec-

utive images taken at 30 ls interval. The axial velocity is

positive downstream and negative toward the shock tube

Fig. 9 Variations of vortex ring

diameter with non-dimensional

time for M = 1.33 and 1.73

with ‘ = 165 mm
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Fig. 10 Variations of vortex

ring diameter with non-

dimensional time for different

Mach numbers for ‘ = 315 mm

Fig. 11 Comparison of non-

dimensional variations of vortex

ring’s diameter for ‘ = 165 and

‘ = 315 mm and various M

Fig. 12 a Position of CRVR

along the surface of the primary

ring b u, v velocities of CRVR

in different stations for M = 1.7

where ‘ = 165 mm
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exit. The lateral velocity is positive in outward direction

and negative toward the axis of the vortex ring. The CRVR

has negligible axial velocity during its formation at stations

1 and 2. However, the lateral velocity is very high and

increases continuously during its formation and growth. At

station 3, CRVR has considerably negative axial velocity

and it also gains additional induced velocity from the pri-

mary vortex ring due to its opposite circulation. As the

axial component of induced velocity of the vortex ring is

dominant at station 4, 5 and 6, the u component velocity is

more compared to the v component velocity. The axial

velocity reduces gradually, as CRVR moves upstream. At

station 7, CRVR detaches from the primary vortex ring and

its axial velocity is reduced considerably. CRVR finally

interacts with the trailing jet and diffuses into a turbulent

structure.

Figure 13 shows the translational velocity of the pri-

mary vortex ring and the tangential velocity of CRVR with

respect to the ring, for M = 1.7 and ‘ = 165 mm. The

translational velocity is measured from a fixed point at the

shock tube exit; hence, it is absolute. The relative tan-

gential velocity of CRVR with respect to the vortex ring is

calculated from the u and v components of velocity. For

any M less than Mc, the translational velocity of the pri-

mary ring increases gradually during the formation and the

growth of the primary vortex ring up to t* = 2 (Arakeri

et al. 2004). The translational velocity is almost constant

after formation; it decreases slightly during pinching-off

and moves downstream with its self-induced velocity

(Arakeri et al. 2004). For M (1.7) greater than Mc, the flow

at exit expands rapidly for prolonged period and the vortex

ring’s translational velocity continuously increases till

t* & 3.2. For 4.3 [ t* [ 3.2, the induced velocity of

CRVR further increases Vr. The translational velocity

decreases after t* & 4.3 due to interaction of CRVR with

the primary ring, besides the dipping in trailing jet velocity.

The effect of induced velocity is discussed in the next

section.

Counter rotating vortex ring (CRVR) forms ahead of

primary vortex ring at t* & 3.2. The tangential velocity of

CRVR is very small during its formation. It increases when

CRVR interacts with the primary vortex ring from

t* & 3.9 to 6.4 seen in Fig. 13. The tangential velocity of

CRVR is large compared to the translational velocity of

ring at station 4, 5 and 6 during the orbital motion along the

periphery of primary vortex ring. It reduces as CRVR

reaches the rear end of the primary vortex ring. The cause

of the variation of CRVR’s velocity is the induced velocity

of the primary ring on CRVR as explained in the next

section. As the tangential velocity of CRVR reduces below

the translational velocity of the primary vortex ring, it

moves away from the primary vortex ring, interacts with

the trailing jet and collapses into a turbulent structure.

3.8 Mechanism of diameter and translational velocity

variation

Figure 14 explains the mechanism of change in diameter

and velocity of the primary vortex ring during formation

and evolution of CRVR. The induced velocity (Ui) of

CRVR on primary vortex ring during its formation and

early evolution is in outward direction in Fig. 14i, and both

u and v components of induced velocity on primary ring are

positive. Hence, both diameter and translational velocity of

the primary vortex ring increase during CRVR formation

seen in Fig. 10 and in Fig. 13 at t* & 3.6–4.2. The

induced velocity imparted by CRVR on the primary ring is

also in outward direction during its evolution in Fig. 14(ii)

with positive v and negative u components of velocity.

Hence, diameter increases and translational velocity

Fig. 13 Translational velocities

of primary and counter rotating

vortex ring for M = 1.7 and

‘ = 165 mm
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decreases during evolution at t* & 4.6 in Fig. 10 and in

Fig. 13. The induced velocity of CRVR on primary vortex

ring is inward during later stage of CRVR’s evolution in

Fig. 14(iii), and both u and v components of velocities are

negative. This explains why both diameter and translational

velocity of primary vortex ring are reduced at later stages

in Fig. 10 and in Fig. 13 for t* [ 6.3. Similarly, the

velocity variations of CRVR can be explained in terms of

the induced velocity imparted on CRVR by the primary

ring. Comparison of Figs. 10, 13 indicates that the reduc-

tion in the vortex ring’s velocity occurs before the reduc-

tion in diameter, which agrees with the mechanism

illustrated in Fig. 14 and is a further evidence of the

validity of the simple model presented.

4 Conclusion

This paper focused on formation and evolution of CRVR

formed ahead of a compressible vortex ring generated at

the open end of a shock tube, at High Mach number. High-

speed laser sheet-based smoke flow visualizations are used

to study the flow field of CRVR. At critical M, the

embedded shock, being strong induces large flow deceler-

ation along the axis of the vortex ring. In comparison, flow

velocity at larger radii near the vortex core is high as the

embedded shock is weak there. This results in strong

velocity gradients in an annulus layer of fluid, which rolls

up into CRVR ahead of primary vortex ring. Multiple

CRVRs are formed as the strong embedded shock persists

for prolonged period at high M and/or large ‘ cases due to

Kelvin–Helmholtz type instability of the annulus shear

layer. It is also observed from flow visualization that

multiple CRVRs become asymmetric due to their mutual

interaction and interaction with primary ring.

The primary vortex ring is also severely disturbed dur-

ing formation and evolution of CRVR. CRVRs, after for-

mation, roll over the periphery of the primary ring either

separately or merge together due to leap-frogging action.

These rings move upstream and interact with the trailing jet

due to entrainment. They disappear very quickly due to

their opposite circulation of trailing jet vortices. Interaction

of CRVRs with the jet can be of significant interest in many

shock-dominated axisymmetric supersonic jets. This study

also illustrates a mechanism through which the distur-

bances move upstream and destabilize the jet shear layers.

The strength of embedded shock and the generating jet

length play decisive role in formation of CRVR. The

diameter of the vortex ring increases during its formation

as M increases. The diameter also increases rapidly during

formation of embedded shock and CRVR. The translational

velocity of the primary vortex ring is also affected signif-

icantly during the formation and the evolution of CRVR.

The Biot-Savart interaction of CRVR with primary vortex

ring during its evolution is responsible for such variations

of the vortex ring diameter and translational velocity with

time.
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