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ABSTRACT
This study aims to increase the understanding of the im-

pact of axial pressure gradients on vortex ring formation num-
ber and initial circulation strength of the vortex ring. Our
previous study found differences in a vortical structure within
an artery bifurcation that led to an atherosclerosis-prone shear
stress distribution. The vortex structures showed differences
in moment of formation, downstream transport, and lifespan
between healthy and for disease disease-prone artery geome-
tries. In parallel, the healthy geometry experienced a higher
flow rate through and a higher axial pressure gradient over
the branch containing the vortex. Thus, a fundamental com-
putational fluid dynamics study on the pressure gradient and
co-flow impact on vortex ring formation in radially-confined
spaces, replicating artery confinement, is performed. Results
regarding the effect of pressure gradients indicate that a greater
adverse pressure gradient increases the maximum circulation
that a single vortex ring accumulates before pinch-off.

INTRODUCTION
The leading causes of death in the US are heart and

vascular diseases (Virani et al., 2021). From the over 15
million people suffering from a stroke each year, 30% are
estimated to be caused by carotid artery disease (Advanced
Vascular Surgery, 2022; Mayfield Brain and Spine, 2023),
one of the major diseases is atherosclerosis (calcified plaque
deposit). Endothelial cells make up most of the inner most
layer of blood vessels and thus they are continuously exposed
to blood flow and consequently wall-shear-stresses (WSS)
(Hann et al., 2022). Atherosclerotic plaque formation is
caused by the long-term exposure of those endothelial cells to
lower than normal pathological shear stresses (Himburg et al.,
2004). The formation of secondary flow structures inside the
curved vessel branches of the carotid artery bifurcation leads
to the formation of vortices, which alter the wall shear stress
distribution (Chakraborty et al., 2012). Our previous study

showed that a main hairpin vortical structure is present in the
carotid artery bifurcation and that the earlier onset of vortical
structure formation and shorter lifespan of this vortical struc-
ture can be related to more pro-atherogenic WSS distributions
(Zalud et al., 2023; Wild et al., 2023), which was studied
by comparing flow and vortical structures between a healthy
and a disease-prone carotid artery bifurcation geometry. In
parallel, differences in the axial pressure gradient acting
over the ICA sinus between the healthy and disease-prone
geometry were found. A literature review showed that there is
very limited understanding of axial pressure gradients acting
on vortical structures.

The goal of this study is to provide insight into the forma-
tion process of the physiologically-significant vortical struc-
ture in the carotid artery bifurcation, as well as to increase
the fundamental understanding of vortex ring formation un-
der pressure gradients in radially-confined spaces. It provides
insight on the impact of an adverse axial pressure gradient on
the formation and initial circulation of vortical structures. To
study these effects, a simplified model representing key fea-
tures of the artery flow is built and a numerical study on fun-
damental vortex ring formation in radially-confined pipes is
conducted.

METHODS
Vortex ring formation and maximum circulation is

studied following Gharib et al. (1998), who reported that
a vortex reaches its maximum circulation for a formation
number (equation 1) of 4. For large piston stroke to diameter
ratios (for L/D > 4) the piston created a vortex ring followed
by a trailing get. For L/D < 4 the piston setup created
one single vortex ring. This non-dimensional time, called
formation number, of 4 is the moment when the maximum
circulation that a vortex ring can hold is reached. In a
wide range of conditions, the study by Gharib et al. (1998)
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showed that the formation number always falls in a range
of 3.6 - 4.5 (Gharib et al., 1998). As shown by Limbourg
& Nedić (2021) the formation number defined by Gharib
et al. (1998) can also be applied to orifice-generated vortex
rings. Stewart’s pioneering study of wall bounded vortex ring
formation and decay, in radially confined spaces (Stewart,
2011; Stewart & Vlachos, 2012) found that the vortex ring
formation process is unaffected by radial confinement, thus
the previously defined formation number of around 4 is still
valid in radially confined spaces. The vortex ring decay after
the time of formation however, was enhanced through the
confinement. Additionally, secondary vortex rings (secondary
counter rotating vortical structures) were generated in the
confinement domain just upstream of the primary vortex ring,
which led to the decay of primary vortex ring circulation and
thus ultimately the breakdown of the primary vortex ring. The
decay of the vortex ring was only affected for the case of
D/D0 ≤ 2, where D is the diameter of the pipe (confinement),
D0 the piston diameter (Stewart, 2011). Similarly, Danaila
et al. (2018) found that confinement ratios of D/D0 ≥ 4 do
not result in significant confinement effects.

In our study a vortex ring was created using the numerical
equivalent of a piston and ejected into a pipe with a pipe-to-
piston diameter ratio of 2 to achieve confinement. The piston
diameter describes the diameter of the numerical orifice at the
inlet of the test section pipe (with diameter Dpipe), where the
vortex ring travels in this pipe, see figure 2. The vortex is stud-
ied within the test section pipe. The piston ejection time was
varied to achieve various formation numbers. The axial pres-
sure gradient was imposed by a reduced diameter pipe down-
stream of the test section, which increased the flow resistance.
Following the test section, the diameter of this outlet (down-
stream of the test section) is reduced in 10% increments of the
test section diameter from 90% to 50% of the test section di-
ameter. Resulting adverse pressure difference measured over
the test section (straight pipe segment over the location of the
vortex ring) dependence on the downstream outlet diameter re-
duction is plotted in figure 3.

T =
Lpiston

Dpiston
=

Upiston · tpiston

Dpiston
(1)

Computational fluid dynamics (CFD) is used to compute
three-dimensional time-resolved flow fields. ANSYS® FLU-
ENT Academic Research Mechanical Release 2021 R2 was
used to specify the physics of the Navier–Stokes equations us-
ing a finite volume method and a pressure-based solver un-
der time-dependent laminar conditions. Meshing was per-
formed in FLUENT, with a tetrahedral core and boundary
layer mesh resulting in 848125 total mesh elements, follow-
ing a mesh independence study (see figure 1), investigating
the independence of local axial velocity, vorticity magnitude
and axial pressure gradient on the mesh. Local measurements
were taken at the axial mid test section and at a half pipe ra-
dius axial location, where the vortex ring was located. Rel-
ative differences from the chosen mesh regarding the signifi-
cantly finer mesh were below 0.1% for axial velocity and ax-
ial pressure gradient, respectively, and below 3% regarding
the vorticity magnitude at the most critical locations. During
mesh independence, vorticity magnitude at the radial half ra-
dius location converged most slowly and thus served as the
critical quantity to determine mesh independence. Results
are shown in figure 1 for the non-dimensional vorticity mag-

nitude normalized with the coarsest mesh vorticity magni-
tude result. A high-performance computing cluster (Pegasus,
GWU) was used to solve the Navier-Stokes equations. AN-
SYS®FLUENT and Python JUPYTER Notebook 6.4.8 were
used for the post-processing analysis of the circulation. To-
tal circulation (ΓTotal) in the pipe and the vortex ring circu-
lation (ΓVortexRing) were calculated according to Stokes The-
orem (equation 2) (Wild & Jones, 2023), thus the numerical
integration of the z-vorticity over the defined area for the total
pipe and vortex ring only, respectively. To facilitate the area
integration of the local (per mesh element) vorticity, the full
three-dimensional data set was interpolated onto a fine struc-
tured mesh, so that dx’ = dy’ = dz’. Using the axisymmetry
of the domain, circulation was calculated in a 2D area in the
center of the pipe, as indicated in figure 4. The area for the
total circulation spans over the total axial length. The area
of the vortex-ring-only was restricted by vorticity threshold-
ing upstream of the vortex ring, as indicated in figure 4 where
the orange box indicates the area defined for the calculation of
vortex ring circulation.

Γ =
∮

u⃗ · d⃗s =
∫∫

ω⃗ · dA⃗ (2)

RESULTS
The results show that vortex rings can be created using

the numerical equivalent of a piston in the center of the pipes.
As can be seen in figure 2 the vortex ring forms through
shear at the numerical piston (top row) and over time is
transported downstream through self-induced velocity. The
pressure gradient can successfully be controlled by changing
the outlet diameter towards the right hand side (downstream)
of the pipe. This has the advantage of the ability to control
vortex ring ejection parameters, such as the formation number
and velocity, independently from pressure gradients. The
study setup was successfully validated with a zero pressure
gradient, zero co-flow case as it agrees with data from Gharib
et al. (1998). A large number of formation numbers were
investigated, where formation numbers under 4 (such as T=2,
see Figure 4) resulted in a single vortex ring and formation
numbers over 4 (such as T=14.5, see Figure 4) in a vortex
ring followed by a trailing jet. In addition to the trailing jet,
the effects of wall confinement can clearly be seen through
the counter-rotating secondary vortices close to the pipe wall,
next to the vortex ring. The total circulation as well as the
circulation of the vortex ring alone, was calculated for the
various outlet diameters (resistances), that impose adverse
pressure gradients. Figure 5a shows the circulation for outlet
diameters of 100% (no pressure gradient base line), 90%, 70%
and 50%. Results show a slight change in formation number
under an applied pressure gradient. The critical formation
number of 4 (transitioning from vortex ring only to vortex
ring + trailing jet) seems not to be effected significantly by
the change in pressure gradient. The maximum circulation a
vortex ring can hold (vortex ring circulation only) is evaluated
at a formation number of 14.5 to ensure an analysis over
the critical threshold around 4. The maximum vortex ring
circulation shows a slight increase when exposed to higher
adverse axial pressure gradients. As can be seen in figure 5b,
circulation increases by almost 25% from the 100% to the
50% outlet diameter case, which is associated with an 23%
increase in applied axial pressure gradient (see figure 5), were
observed. These results indicate that the maximum circulation
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a vortex ring holds increases with an increasing adverse axial
pressure gradient.

This study has the goal to provide insights into the for-
mation process of the physiologically significant carotid artery
bifurcation vortical structure as well as increase the fundamen-
tal fluid mechanics understanding of vortex ring formation un-
der pressure gradients in radially-confined spaces. This funda-
mental vortex ring study found correlation between increased
pressure gradient and increased vortex circulation, which is a
possible explanation for this observation.

CONCLUSIONS
The effects of moderate adverse pressure gradients on

vortex formation in a radially-confined space were investigated
computationally. The critical formation number of 4, where
the formation of a vortex ring transitions into vortex ring +
trailing jet, was not significantly impacted by applying an ad-
verse pressure gradient. This study indicates, however, that the
maximum vortex ring circulation for a vortex ring in a radially-
confined pipe, increases when subjected to a greater adverse
pressure gradient.
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Figure 1: Mesh independence results for non-dimensionalized vorticity magnitude at half radial distance (radial direction)
and half axial pipe length. Blue: results of mesh independence study, orange: chosen mesh

Figure 2: Vortex ring generation at orifice (”numerical piston”), where vortex travels self-induced downstream over time.
Vortex ring visualized with λ2 threshold of 0.001.
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Figure 3: Axial adverse pressure difference over test section resulting from outlet diameter reductions. D=100 represents
100% outlet diameter, thus no diameter reduction. D=90, D=70 and D=50 have a reduced outlet diameter with the outlet
diameter being 90%, 70% and 50% of the test section diameter, respectively, evaluated at a formation number of 4.

Figure 4: Formation of vortex ring in a pipe for formation numbers of T = 2 and T = 14.5. A formation number under 4
(here T = 2) results as expected in the formation of a single vortex ring. For a formation number above 4 (here 14.5) the
trailing jet carrying additional circulation can be found as expected. Vorticity in the pipe’s center plane using the vorticity
color-bars and vortex visualization using λ2 criterion are shown. Areas for circulation calculation of the normal vorticity
flux through the surface are indicated.
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(a) Total (solid line) and vortex ring (dotted line) circulation
versus the formation number for several pressure gradient cases
(controlled by outlet diameter D, colors).

(b) Change of maximum vortex ring circulation dependent on
outlet diameter for formation numbers over 4 (shown for 14.5).

Figure 5: Circulation dependence of outlet geometry and formation number. D=100 represents 100% outlet diameter, thus
no diameter reduction. D=90, D=70 and D=50 have a reduced outlet diameter with the outlet diameter being 90%, 70%
and 50% of the test section diameter, respectively.
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