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PARAMETRIC DESCRIPTION OF THE STATIONARY HELICAL VORTEX

IN A HYDRODYNAMIC VORTEX CHAMBER

UDC 532.5.01S. I. Shtorka,b, E. S. Geshevaa,
∗
, P. A. Kuibina,b,∗,

V. L. Okulovb,c, and S. V. Alekseenkoa

Abstract: A swirling flow in a tangential-type hydrodynamic chamber with stationary vortex struc-

tures is experimentally investigated. The main attention is paid to determining the geometric and

kinematic parameters necessary for a correct description of helical vortices and their spatial struc-

ture, in particular, to testing the possibility of a theoretical description of the limiting case where

the vortex becomes stationary, i.e., its rotation frequency (or precession frequency) becomes zero.

It is shown that the theory of helical vortices ensures a sufficiently accurate prediction of conditions

for the appearance of their stationary (motionless) states.
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INTRODUCTION

Swirling motion of the medium is the basis of operation of many power engineering facilities, including

combustion chambers of coal dust boilers [1–3], gas-turbine combustors [4, 5], wind turbines [6], water turbines [7–9],

vortex reactors with a centrifugal fluidized bed [10], vortex heat exchangers [11], etc. Vortex flows are frequently

encountered in nature, e.g., in the form of intense atmospheric vortices [12, 13], which rather hazardous for people.

The interest to studying vortex flows is inspired not only by various applications, but also by complex physical

phenomena arising in these flows: laminar–turbulent transition [14], instability and waves [15, 16], vortex breakdown

and vortex core precession [17, 18].

A typical feature of the vortex filament is the helical shape of its rotation axis [15, 19]. Self-induced shifting

of the rotation axis, which occurs due to filament curvature, has to be taken into account in the description of

motion of helical vortices [20, 21]. A commonly accepted approach formulated at the beginning of the 20th century

by Joukowsky [22] is the allowance for only the binormal component of velocity in the analysis of self-induced motion

of the helical filament. However, erroneous ideas disproving the classical concept still appear (see the discussion

on this issue in [23]). A physical experiment [23] was perform to test these hypotheses. In this experiment, a

stationary (motionless) helical vortex generated in a hydrodynamic vortex chamber with tangential swirling of the

flow was studied in order to provide experimental justification for the difference between the binormal motion of

the helical vortex and the motion of particles along the axis of this vortex [1, 2]. The choice of a stationary vortex

as an object of the study offers some advantages for experimental investigations. In particular, visualization can
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Fig. 1. Schematic of flow swirling and basic parameters of the chamber: (1) diaphragm with
the central orifice; (2) nozzles; (3) fluid rotation direction; (4) chamber bottom; the arrows show
the inflow and outflow directions.

reveal the basic specific features of the flow and simplify flow quantification owing to application of contactless

optical systems [24]. Comparisons of results of visual observations and measurements made it possible to prove

the existence of differences between the helical vortex motion (more exactly, the absence of its motion) and intense

motion of liquid particles along the vortex axis. As explained in [23], this difference in the motions confirms the

validity of the classical approach used to describe self-induced motion of the helical vortex [21, 22].

The present study continues the previous investigations of stationary helical vortices for the purpose of

determining the complete set of geometric and kinematic parameters of the stationary helical vortex, which can

be used, in particular, for calculating the frequency of vortex rotation (precession frequency) on the basis of the

classical theory of motion of the helical vortex [15, 19]. In this case, the results of vortex motion visualization

testify that the precession frequency should be equal to zero because the helical filament does not move in space.

If the calculated frequency is also close to zero, the proposed theoretical model can be used to describe flows with

stationary helical vortices.

It should be noted that confirmation of the existence of an adequate theoretical model of helical vortices is

not only interesting from the viewpoint of determining the fundamental laws of the dynamics of three-dimensional

concentrated vortex filaments, but is also important for applications. The analytical model of helical vortices [25]

can be used for fast calculations of the operating parameters of vortex facilities [26]. Vortex structures generated

in such facilities are usually hard to predict because they induce a complex three-dimensional unsteady swirling

flow. In this case, the prediction of the existence of stationary regimes by means of traditional variation of input

conditions requires significant time and computational resources [27] or expensive measurement equipment [28].

Flow simulations are complicated by several factors, such as the non-isothermal character of the flow [29] and

mutiphase phenomena [30]. In this case, it is extremely important to perform extremely prompt calculations with

the use of the analytical formulas [25] for the basic flow parameters, e.g., amplitude-frequency characteristics or

instantaneous flow field distributions, and to predict the vortex setup behavior on the basis of these calculations.

EXPERIMENTAL SETUP

The study was performed in an experimental setup, which is a closed hydraulic contour providing the flow rate

of the working fluid (distilled water) up to 8 l/s [2]. The test section shaped as a square channel 188×188×625mm

(Fig. 1) was earlier used as tangential combustor model [1]. This shape of the channel was chosen because it is easier

to fabricate flat rather than cylindrical side walls for large tangential combustors. As was found in investigations
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Fig. 2. Stationary helical vortex in the combustor having a diaphragm with a shifted output orifice
(the swirl parameter is S = 8.5, the diaphragm orifice diameter is de = 60 mm, and the height
of diaphragm mounting is he = 560 mm): (a) schematic of the vortex; (b) results of visualization;
the arrow shows the direction of flow swirling; H is the height at which PIV measurements of velocity
fields were performed.

of the vortex flow in a closed container with polygonal geometry, the cross-sectional shape affects the flow regimes

and structure, in particular, at comparatively low Reynolds numbers in the interval Re = 1500–2500 [31].

It was noted that the flow structure in the axial region remains axisymmetric even if the channel cross section

is a square. This conclusion is consistent with the results of experiments performed in the tangential combustor

for high turbulence conditions with Reynolds numbers Re > 10 000 [19]. Stabilization of such a flow structure is

favored, in particular, by the formation of secondary vortices at the combustor corners, which make the streamlines

in the peripheral regions more smooth [31]. In addition, flat side walls of a square combustor do not generate optical

distortions, which allows contactless optical methods to be used for studying the flow.

Tangentially directed rectangular nozzles (a total of 12 nozzles) with the exit size of 14× 23 mm generate a

vortex flow with a vertical rotation axis in the test section. The degree of flow swirling is defined by the geometric

swirl parameter S = bdt/At (b = 188 mm is the combustor width, dt is the diameter of the circumference to

which the input nozzles are tangentially aligned, and At is the area of the input nozzles) [19]. The structure of the

nozzle blocks allows one to change the nozzle turning angle α determining the diameter dt, thus, varying the swirl

parameter in a wide range and S = 0–8.

As was noted above, the flow regime in the combustor is also characterized by the Reynolds number Re,

which is determined on the basis of the vortex chamber width b and mean mass flow rate W : Re = bW/ν (ν is the

kinematic viscosity). The results reported in the present paper were obtained at high Reynolds numbers Re > 15 000

corresponding to the self-similar flow regime [2].

The aerodynamic structure of he vortex flow is controlled by replaceable constricting diaphragms with the

central (see Fig. 1) or shifted (Fig. 2) orifice. Owing to flow constriction at the exit, a concentrated helical filament

is formed; its geometry is determined by the shape of the chamber bottom and diaphragm geometry. For example,

a straight-line vortex filament is formed in the case of the central orifice [24], while the filament takes a helical shape

in the case of the shifted orifice [19]. Specific features of these structure are their steadiness and stability, which

significantly simplifies their investigations.
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The flow was visualized by small air bubbles injected into the channel upstream of the test section. As air

bubbles have a clear interface between the phases, they ensure distinct light reflection and leave a clearly visible

bright trace. Moreover, air bubbles in swirling flows are separated near the rotation axis and visualize it owing to

the formation of an air cavity, which is formed even in an unsteady flow [32, 33]. It should be noted that air bubbles

were not added to the flow in experiments with measurements in this study: a two-phase mixture was generated only

for flow visualization. As the vortex structures were stationary, expensive high-speed cameras were not needed to

visualize the flow pattern. Therefore, the visualization results reported below were obtained by a reflex camera with

a resolution of 18 Mpixel and with a function of video recording with a rate up to 60 fps. The flow was illuminated

by a continuous wave laser with a power of 3 W whose beam was transformed into a plane by a cylindrical lens.

The velocity fields were measured by the POLIS system of particle image velocimetry (PIV). It should

be noted that such measurement systems were successfully used, in particular, in complex vortex flows [28, 29].

The flow was seeded with polyamide particles with the mean diameter of 10–20 μm). Control of the PIV sys-

tem, data acquisition, data storage, and image processing were performed with the use of the ActualFlow soft-

ware. The PIV system consisted by a double pulse laser and a camera based on the complementary metal–oxide–

semiconductor (CMOS) structure. The system operated in a two-frame mode with the measurement frequency

of 270 Hz. The time delay between two flashes for determining displacement of particles in a pair of frames was

100 μs, and the measurement error was within 4%.

The flow in the present study was stationary; as a result, there was no need to use expensive high-speed

tomographic PIV systems [28] or special algorithms for phase averaging of velocity [34, 35], which require a large

volume of statistical data.

RESULTS OF THE STUDY

It was experimentally demonstrated [1, 19] that an unsteady flow is formed in the examined combustor if

the output is fully open. The peak velocities are reached near the side walls of the combustor and a reverse flow is

formed in the axial region; a vaguely expressed helical vortex precessing around the geometric axis of the combustor

is formed at the reverse flow boundary. The vortex structure becomes stationary if the boundary conditions are

modified, i.e., if a diaphragm is mounted in the exit cross section.

If the diaphragm is mounted at the center of the combustor with a flat bottom, a straight-line vortex filament

is formed between the chamber bottom and the output orifice [24]. If the orifice in the diaphragm is diagonally

shifted, the vortex becomes curved and takes a helical shape (see Fig. 2).

Figure 3 shows the time-averaged (the averaging was performed over more than 200 frames taken at different

time instants) profiles of the projections of velocity near the vortex core onto the horizontal and vertical planes

(Vt is the tangential velocity and Va is the axial velocity). It should be noted that this velocity in the case of a

stationary structure coincides with the velocity induced by the helical vortex filament, in contrast to the case of

the precessing vortex for which the averaging with respect to time yields the velocity distribution “blurred” in the

azimuthal direction [26]. In the latter case, special algorithms and additional assumptions on the vortex motion

character should be used to retrieve the vortex core parameters.

Let us now study the profiles of the tangential velocity Vt in the flow with a helical vortex for a fixed height

at which velocity measurements were performed, H = 345 mm, and for different values of the Reynolds number Re

(see Fig. 3a) and also for Re = 19 200 and different values of the height above the combustor bottom (see Fig. 3b).

The tangential velocity measure in the horizontal cross section along the line passing through the combustor center

and vortex center is normalized to the mean mass flow rate W ; the distances from the combustor center r and

from the vortex center r∗ (r∗ = 0 corresponds to the vortex center) are normalized to the combustor half-width

R = 94 mm. It is seen in Fig. 3a that the velocity profile is shifted from the ordinate axis because of shifting and

curving of the vortex axis. Figure 3b shows the position ε of the maximum of the tangential velocity at the height

H = 345 mm, which was obtained by means of data extrapolation. The tangential velocity profiles for different

heights are shifted along the abscissa axis in such a way that the value Vt = 0 is reached at r∗ = 0.

Figure 3 also shows the profiles of the axial velocity Va for the flow with a helical vortex for H = 345 mm

and different values of Re (Fig. 3c) and for Re = 19 200 and different heights from the combustor bottom (Fig. 3d).
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Fig. 3. Profiles of tangential (a and b) and axial (c and d) velocities in the vicinity of the helical
vortex for S = 8.5, de = 60 mm, he = 560 mm, and different values of Re (a and c) and height
above the combustor bottom (b and d): (a and c) H = 345 mm and Re = 14 700 (1), 19 200 (2),
23 600 (3), and 28 000 (4); (b and d) Re = 19 200 and H = 85 (1), 135 (2), 205 (3), 255 (4), 315 (5),
and 345 mm (6).

The profiles were obtained in vertical planes passing through the vertical axis of the combustor and through the

vortex center in the horizontal cross section being considered. It is seen in Figs. 3c and 3d that the maximum

values of axial velocity are localized near the vortex axis, similar to the case of a straight-line vortex [24], and the

axial velocity profiles for different heights (see Fig. 3d) are shifted along the abscissa axis so that the value Va max

is reached at r∗ = 0.

The data obtained on the velocity field allow direct determination of the vortex structure characteristics:

vortex circulation Γ = 2πεVtmax, vortex core radius ε, vortex precession radius a, pitch of the helical structure l,

axial velocity Vax, and maximum tangential velocity Vt max. The axial velocity Vax was determined from the data

obtained in the PIV experiment where the velocity field was measured. Based on these data, the vortex core radius

ε was also determined; it was equal to the coordinate at which the maximum tangential velocity Vt was reached,

also determined from the velocity profiles (see Fig. 3b). The geometric parameters of the helical structure l and a

were determined on the basis of the results of vortex structure visualization by means of averaging of the measured

variables on 60 frames taken at different times.
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DETERMINATION OF THE STEADINESS CONDITIONS

FOR HELICAL VORTICES

As the vortex is curved, the filament segment under consideration turns out to be located in the velocity field

induced by other segments of the filament; therefore, such motion is called the self-induced motion of the vortex

filament [15, 22]. The overall displacement of the vortex structure is also affected by the main flow and by the test

section shape (e.g., shape of the side walls). In the present study, all basic components of the resultant rotation are

taken into account in considering the vortex precession frequency. The precession frequency is understood as the

frequency of passing of the vorticity blob near a fixed point located in the flow or on the wall of the test section,

i.e., the frequency f of rotation of the vortex cross section in a fixed plane [15].

Let us determine the precession frequency with allowance for the curvature (f̄C), swirling (f̄τ ), presence of the

test section walls (f̄R), and axial velocity (f̄β). A detailed description and derivation of all formulas for calculating

the precession frequency of the helical vortex in the combustor based on the analysis of binormal velocity of the

segment of the curved vortex filament can be found in [25, 26]. In the present case, the formula for the precession

frequency is written in the dimensionless form (f̄ = 2πfR2/Γ) as

f̄th = f̄C + f̄τ + f̄R + f̄β, (1)

where

f̄C = − 1

4π

R2

a2
1

τ(1 + τ2)1/2
ln
(a
ε
(1 + τ2)

)
,

f̄τ = − 1

4π

R2

a2
1

τ(1 + τ2)1/2

[
ln
( τ

1 + τ2

)
+

+
1 + 1,455τ + 1,723τ2 + 0,711τ3 + 0,616τ4

τ + 0,486τ2 + 1,176τ3 + τ4
− 1

4
− 2

(1 + τ2)1/2

τ

]
,(2)

f̄R =
1

2π

R2

a2
1 + τ2

τ2

( ã2

R̃2 − ã2
− k ln

R̃2 − ã2

R̃2

)
, f̄β = − 1

2π

R2

a2
β

τ2
;

k =
1

12

( 9η

(1 + η2)1/2
− 7η3

(1 + η2)3/2
− 3τ

(1 + τ2)1/2
+

τ3

(1 + τ2)3/2

)
, β =

2πl

Γ
, τ =

l

a
, η =

l

R
.

The quantities with the tilde are defined as

x̃ = 2x
exp (

√
1 + x2/l2 − 1)√

1 + x2/l2 + 1
.

For calculating the vortex core precession frequency by Eq. (1), it is necessary to determined such parameters

as the vortex core radius ε, vortex precession radius a, pitch of the helical vortex l (Fig. 4), vortex circulation Γ, and

velocity at the vortex chamber axis Vax. All parameters obtained by means of visualization of the PIV experiment

are summarized in Table 1.

Substituting the values of the vortex parameters into Eqs. (2), we obtain the values of f̄C , f̄τ , f̄R, and f̄β .

In turn, substituting these values into Eq. (1), we find the dimensionless precession frequency f̄th (Table 2).

The dimensionless frequency of precession of the helical vortex around the chamber axis with allowance

for the measurement error (±0.1) is close to zero (for comparison, for Re = 19 200, the dimensionless frequency

of rotation of fluid particles around the vortex axis is f̄rot = 1.06). Thus, according to the analytical formulas,

the helical vortex does not rotate around the chamber axis, i.e., it is stationary. This result is confirmed by

experimental data: visualization of vortices does not reveal their rotation around the chamber axis. Therefore,

the vortex precession frequency calculated by the analytical method agree well with the experimental data, which

confirms that the assumptions used in the theory of helical vortices are correct and they can be applied in the

limiting case considered here (stationary regime).

The results obtained in the study offer an explanation of the steady character of vortices observed in exper-

iments: it can be attributed to the influence of the terms in the right side of Eq. (1), which have different signs

and compensate for each other in certain cases; as a result, the vortex becomes stationary. It should be noted that

it is important to take into account all parameters mentioned above, i.e., curvature and swirling of the vortex fila-

ment, velocity induced by the chamber wall, and velocity at the chamber axis in determining the vortex precession

frequency.
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Fig. 4. Parameters of the helical vortex filament.

Table 1. Parameter of the helical vortex

H, mm ε, m τ a, m R, m l, m/rad Γ, m2/s Vax, m/s

85 0.0140 1.5598 0.0440 0.094 0.0686 0.2375 0.080
135 0.0143 1.4920 0.0455 0.094 0.0686 0.2489 0.068
205 0.0152 1.5527 0.0442 0.094 0.0686 0.2665 0.057
255 0.0156 1.5961 0.0430 0.094 0.0686 0.2843 0.048
315 0.0160 1.5251 0.0450 0.094 0.0686 0.2875 0.035
345 0.0160 1.5240 0.0450 0.094 0.0690 0.2815 0.023

Table 2. Results of the analytical calculation of the dimensionless precession frequency

H, mm f̄C f̄τ f̄β f̄R f̄th

85 −0.2989 0.2969 −0.3415 0.3286 −0.015
135 −0.2952 0.2969 −0.2908 0.2715 −0.018
205 −0.2880 0.2963 −0.2754 0.2544 −0.013
255 −0.2884 0.3003 −0.2718 0.2443 −0.017
315 −0.2791 0.2937 −0.2821 0.2570 −0.010
345 −0.2793 0.2939 −0.3661 0.3373 −0.014

7



CONCLUSIONS

The geometric and kinematic parameters of swirling flows corresponding to regimes with stationary helical

vortices were determined in an experimental study. Based on these data for the limiting case of vanishing rotation

(motionless vortex), the possibility of describing stationary helical vortices by the known analytical formula for

calculating the precession frequency of helical vortices [25] was verified. It was found that this formula is able not

only to ensure an accurate prediction of the emergence of the stationary (motionless) state of the helical vortex,

but also to determine effect responsible for that. The results obtained in this study are new and can be used to

describe and optimize the operation modes of vortex chambers and combustors.

The part of the study including the velocity field measurements and theoretical analysis was performed

within the framework of the State Program supporting research performed under the guidance of leading scientists

in Russian institutes of higher education (Agreement No. 075-15-2019-1923). Visualization in the experiments was

performed within the framework of the State Task of the Kutateladze Institute of Thermophysics of the Siberian

Branch of the Russian Academy of Sciences.
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