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Distribution of temperature of outgoing flows over the cross-section for
different schemes and operating modes of a counterflow vortex tube
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The difference in temperature distributions over the cold and hot air flow cross-sections for the axial and radial
arrangements of the counterflow vortex tube outlets has been experimentally established. In the case of axial
arrangement of outlets of both the cold and hot air, temperature gradient over the flow cross-section depends on
the ratio between the areas of outlet channel cross-sections. The minimum temperature is exhibited by the zones
of secondary vortex structures. In the case of radial arrangement of the outlets of both the cold and hot air,
temperature over the flow cross-sections evens out due to destruction of secondary large-scale vortex structures.

Keywords: vortex tube, temperature separation, vortex structures.

DOI: 10.61011/TPL.2024.10.59705.20013

Inside the energy separation chamber of a counterflow
vortex tube (VT), coherent rotating helical structures get
formed at the interface between the peripheral and axial
flows, which have been studied by various visualization
methods [1-6]. Adiabatic cooling occurring due to forma-
tion of a near-axis intense vortex core inside the expansion
chamber is assumed to be the mechanism for gas cooling
in VT [1]. The structure and temperature distribution of the
flows leaving VT have been so far studied to a lesser extent.
Paper [4] shows that, when the cold gas leaves the VT
diaphragm, the secondary vortex core undergoes a complex
helical motion.

The goal of the experiments was to study the effect of
design arrangement of the counterflow VT outlets (axial
or radial) and of the ratio between the outlet opening
parameters on the temperature value and distribution over
the outgoing flow cross-sections.

The experiments were performed by using a tunable
vortex generator (Fig. 1). It allowed us to realize in the
experiments the schemes of counterflow VT operation with
(i) the axial cold flow outlet and peripheral (radial) hot flow
outlet, (ii) counterflow VT operation with axial outlets of
both cold and hot flows, and (iii) counterflow VT operation
with radial cold flow outlets.

The VT operating modes were switched over by set-
ting/removing plugs on/from its radial (Fig. 1,a) or axial
(Fig. 1, b) outlets. Diameter of the cylindrical VT expansion
chamber / was 10mm, its length was 76 mm. The
swirler (helices) 2 of the nozzle inlet 2.5mm thick was
constructed based on the Archimedes spiral. Diameters of
the fittings”5—7 openings, as well as those of the cold-air
axial outlet openings, were 5.0 mm.

Compressed air at pressure P = 0.1—-0.6 MPa was sup-
plied to the vortex tube inlet fitting 5 through a reducer.
Air temperature at the VT inlet was Tp = 24°C. Variable
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parameters of the experiments were diameter d of the
replaceable diaphragm 3 opening (3.0, 4.0, 4.5 and 5.0 mm)
and diameter D of the replaceable fitting 4 opening
(diffuser) (2.5, 3.0, 3.5, 4.0, 50 and 6.0mm). The
ratio between the areas of the diaphragm and diffuser
openings 8 = (d/D)? was taken as a geometric parameter
determining the counterflow VT operating mode (relative
mass flowrate of the cold flow).

In the case of axial arrangement of the VT outlets,
outgoing flows (Cp is the ,cold* outlet, Ha is the ,hot“
outlet, Fig. 1,a) were strongly swirled. To measure the
air temperature at various points of the flow cross-section,
we used a method of detecting thermal radiation with a
thermal imager and temperature transducer in the form of a
grid of thin threads made from a low-thermal-conductive
material [7]. The temperature transducer grid 8 made
from blackened polyamide threads was fixed to the frame
(Fig. 1). The grid cell size was 0.32 x 0.32mm, diameter
of longitudinal threads was 0.12 mm, diameter of transverse
threads was 0.06 mm. Being arranged in this way, the
grid makes the flow gas-dynamic structure disrupted after
passing through the grid, but allows fixing the thermal
wake of the vortex contacting the grid in this cross-section.
Thermographic analysis of the flows was performed using
a FLIR SC7000 thermal imaging camera and program code
Altair. What was calculated was a decrease in the cold air
flow temperature ATc = Tp — Ty (ATc, and ATc, are the
axial and radial outlets, respectively) or variation in the hot
air flow temperature ATy = Tj—To (AT, and ATy, are the
axial and radial outlets, respectively). Here T; is the current
temperature at the transformer grid 8 control point.

In the first series of experiments, only axial outlets of
the counterflow VT were open (Fig. 1,a). At a constant
pressure, the VT inlet temperature distribution at different
cross-section points of both the flows was quite stable over
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Figure 2. Temperature variation versus the VT inlet pressure. @ — cold air in the axial (Ca) and radial (Cr) outlet channel (8 = 1.27);
b — hot air in the axial (Ha) and radial (Hgr) outlet channel (8 = 1.78).

time; however, slight variations in the thermogram pattern
was observed. This is obviously due to precession of the
coherent vortex structure cores [2-6] in the outgoing air
flows.

It was found out that temperatures of both the cold air
flow (Ca) and hot air flow (Ha) at different points of the
flow cross-sections can be significantly different at different
B. Tor instance, as the thermograms show, ATy, is minus
2—4°C (at P =0.6, MPa) at the ,hot“ VT axial outlet
(flow Ha) at B =0.25-0.44. Cold air occupies almost
the entire flow Hp area (diffuser openings). Here the
counterflow VT operates in the mode close to that of the
single-flow VT, i.e. as a cooler [8]. As 3 increases, a thermal
»spot“ about (1/3—1/2)D in diameter is observed in the hot
flow thermogram; its temperature is lower than that of the
peripheral hot flow. This is obviously a thermal wake of a
colder coherent vortex structure coming from the side of the
diaphragm [8]. The thermal ,spot“ center was shifted from
the center of the diffuser opening. The difference between
the minimum ATy, and maximum ATy, . temperatures
of the axial flow heating at various flow cross-section points
increases with increasing VT inlet pressure (Fig. 2, b).

In the ,,cold“ axial flow Ca of the vortex tube (Fig 1,a),
the difference between the minimum ATc,,, and maximum
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ATc,,... cooling at various cross-section points also increases
with increasing VT inlet pressure (Fig. 2,a). The greatest
cooling degree ATc,, of axial flow Ca occurred at
B =0.81—1. In the case of B > 1, the maximum-cooling
zone was located in the central part of flow Ca (less
than (1/3)D in diameter ) but was shifted from the
diaphragm cross-section center. The minimumcooling zone
was diametrically opposite to it (Fig. 3). At 8 < 0.8, on the
contrary, the zone of maximum-cooled flow Cp was located
along the periphery of the diaphragm opening. The zone of
minimum-cooled flow Ca was located in the central part of
the flow, but was shifted from the diaphragm center. This
was obviously caused by hot air inflow from the diffuser.

In the second series of experiments, only radial counter-
flow VT outlets were open (Fig. 1,a). Parameter S was
varied by varying diameter d of the replaceable diaphragm,
diameters of the fittings 6 and 7 outlet openings remaining
unvaried. Experiments showed that temperature fields of
both the cold air flow Cgr and hot air flow Hg at various flow
cross-section points were almost uniform at all values of j.
The thermal wake (,,spot) of large-scale vortex structures
was not observed in the thermogram in both flows over the
entire variation range of VT inlet pressure. This is obviously
caused by destruction of vortex structures in the hot flow
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Figure 3. Screenshot of the cold flow thermogram, cross-sectional view (a) and temperature distribution along line 7/ on the grid

(Ipx=0.1mm,d =4mm, § = 1.78, P = 0.6 MPa) (b ).

slit-type deswirler and in the T-shaped channel at the cold
air flow outlet.

Temperature decrease ATc, of cold air leaving through
the radial fitting 6 opening was significantly lower than
maximum temperature decrease ATc,  of cold air leaving
from the axial opening through diaphragm 3 in the first
series of experiments (Fig. 2, ,a). Increase ATy, in the
heating temperature of air outgoing through radial fitting 7
(Fig. 1, b) was significantly lower than maximal temperature
rise ATy, of hot air outgoing through the diffuser (fitting 4
in Fig. 1,a) axial opening in the first series of experiments
(Fig. 2,b). Hot air flow Hg passes to the fitting 7 radial
outlet through the slit-type flow deswirler (Fig. 1,a). This
leads to destruction of large-scale vortex structures and
absence of the thermal ,,spot* in the thermogram over the
entire range of B and VT inlet pressure and makes heating
temperature ATy, uniform over the flow Hg cross-section.

Thus, in a counterflow VT with axial arrangement of the
cold and hot air outlets, with the ratio between the areas
of diaphragm and diffuser openings B < 1, a significant
temperature gradient gets formed over the outgoing hot flow
cross-section, which increases with decreasing 8 due to cold
air inflow from the diaphragm. In the cross-section of the
outgoing cold flow, the greatest degree of air cooling was
observed at B = 0.81—1 and decreased with increasing
due to the hot air inflow from the diffuser with simultaneous
increase in the temperature gradient over the flow cross-
section. In the case of radial arrangement of the counterflow
VT outlets of cold and hot air, the temperature gradient

over the flow cross-sections is almost fully absent because
of destruction of secondary vortex structures.
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