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NUMERICAL SIMULATION OF TEMPERATURE SEPARATION IN METHANE STREAM IN

RANQUE-HILSCH VORTEX TUBE

In present numerical research, the temperature separation in methane stream within a counter
flow Ranque-Hilsch vortex tube was investigated. A complete three-dimensional geometry of the
vortex tube was used to generate a high-density computational grid. A vortex tube with two
tangential inlet nozzles, an axial cold stream outlet and a circumferential hot stream outlet was
considered. Methane was used as a fluid along with Peng-Robinson cubic equation of state. Fluid
properties like total temperature and total pressure were analyzed for a range of inlet mass flow
rates and inlet total pressure values. Also the total pressure and total temperature distribution
along the axial direction was investigated. The temperature separation effect is more significant
for air then for methane at all investigated pressures. Created model can be used to design
industrial vortex tubes for oil and gas industry where methane is a main product.
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YUCEJIbHE MOAENIOBAHHA PO3NOAITY TEMMEPATYPU B NOTOUI METAHY Y

BMXPOBIW TPYBI PAHKA-XIJTLLIA

Y pobomi posensnymo posnodin memmnepamypu 6 NOMOYi MemaHy 6cepeOUuHi NpPOmumoyHoi
suxposoi mpybu Panxa-Ximua. Tpusumipna ceomempuuyna molenv 6uxpogoi mpyou 0yia
BUKOPUCMAHA O CMBOPEHHs O00UYUCTIBANbHOI CIMKU 3 BUCOKOW winbHicmio. Poszenanymo
8UXpogy mpyby 3 080Ma MAHSEHYIATbHUMU BXIOHUMU CONIAMU, OCbOBUM BUXOOOM XOJIOOHO20
ROMOKY i hepugepitinum 8UXo000oM eapsA4o20 nomoxy. Meman 6y6 gukopucmanuii 6 AKOCmi @Paioy
pazom 3 Kyoiunum pienannam cmany Ilenea-Pobincona. bByiu npoaunanizosamni maxi eracmueocmi
cepedosuwa AK NOGHA memnepamypa i NOGHUL MUCK 015 Jiana3ony 6XIOHUX MAco6Uux eumpam i
3HA4eHb NOBHO20 MUCKY HA 8X00i. Kpim mozco, 6y10 00CHidAHceHO pOo3n0dil NOBHO20 MUCK) | NOBHOT
memnepamypu y30084c 0cb06020 HANpAMKY. Egpexm posnooiny memnepamypu euasuscsa Oinvut
SHauUywum Onsi NOGimpsl, Hidc ONsl Memawuy npu 6cix Oocnioxcenux muckax. Cmeopena mooenw
Modice bymu UKOpUCMAHA OJis pO3POOKU NPOMUCTOBUX BUXPOBUX MPYO 05t HAGMO8oi i 2az0801
NPOMUCIOBOCI, Oe MEeMAaH € OCHOBHUM NPOOYKIMOM.
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I. INTRODUCTION

Vortex tube is a device that has no moving parts
and acts like a heating and cooling machine at the
same time. This happens due to Ranque effect that
was first discovered by J. Ranque (1931). Later,
R.Hilsch (1947) performed complex investigations on
this effect. In vortex tube high-pressure inlet stream is
divided into two separate lower pressure streams. One
has higher temperature and other lower. Vortex tube
has a wide range of applications such as instruments
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cooling, gas species separation, dehydration of natural
gas, firefighter’s equipment cooling etc.

Despite long period of investigations, there is still
no adequate physical model of Ranque effect. In
experimental study, it is not possible to measure
stream parameters inside tube. Using any instruments
inside it causes additional turbulence and flow
structure rearrangement. Temperature separation in
vortex tube is a result of complex hydrodynamic
processes and can be studied in details with the help of
computational fluid dynamics methods. Linderstrom-
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Lang (1971) performed first numerical investigations.
Two-dimensional algebraic viscosity model with ideal
gas law was used. Cockerill (1995) investigated
temperature separation with 2D k-&¢ model and ideal
gas law. Aljuwayhel et al. (2005) performed
parametric and internal study of the vortex tube using
k-e and RNG- k-¢ models. Behera et al. (2008)
investigated flow behaviour and energy separation in
Ranque-Hilsch vortex tube with pseudo 3D RNG- k-¢
model and ideal gas law. Eiamsa-ard et al. (2008)

simulated flow field and temperature separation in a
vortex tube using k-¢ and ASM 2D models. Farouk et
al. (2009) simulated gas species and temperature
separation in the counter-flow Ranque-Hilsch vortex
tube using 2D LES model. Secchiaroli et al. (2009)
performed numerical simulation of turbulent flow in a
Ranque-Hilsch vortex tube using 2D RNG- k-g, RSM
and LES models. Most of all numerical investigations
were performed with 2D geometrical mesh and ideal
gas law.

Nomenclature

a Peng-Robinson EOS coefficient T Temperature (K)
b Peng-Robinson EOS coefficient T. Critical temperature (K)
Cu LES-WALE calibration constant t Time ()
D Vortex tube internal diameter (mm) u Velocity vector (m/s)
d Orifice diameter (mm) Specific volume (m*/mol)
dn Nozzle internal diameter (mm)
Dc Cold exit internal diameter (mm) Greek symbols
Gi Inlet mass flow rate (kg/s) o(T)  Temperature function
Gh Hot stream mass flow rate (kg/s) 0 Kronecker symbol
G, Cold stream mass flow rate (kg/s) A Thermal conductivity (W/m K)
h Specific static enthalpy (J/kg) UsGs Eddy viscosity (kg/m s)
ho Specific total enthalpy (J/kg) p Density (kg/m®)
L Vortex tube length (mm) T Shear stress (N/m?)
m Peng-Robinson EOS parameter w Acentric factor
n Number of nozzles
p Pressure (Pa) Subscripts
Pe Critical pressure (Pa) c Cold
R Universal gas constant (J/mol K) h Hot
S local strain rate i Inlet

Current research is devoted to Ranque-Hilsch Bl pu)

vortex tube, which investigation is of practical interest
for Oil and Gas industry due to its promising
application as an alternative to Joule-Thomson valve.
For the first time CFD modeling of methane stream in
vortex tube was performed. In addition, we have used
Peng-Robinson equation of state to model real gas
behavior of methane.

Several experiments were performed on natural
gas processing plant and compared here with CFD
data. As far as methane was not used previously, we
also compared CFD results with those for air.

II. MATHEMATICAL MODEL

In this investigation, a three-dimensional
compressible turbulent real gas flow was under
consideration. The governing equations used to
describe mass, momentum and energy conservation
are as follows (Versteeg, Malalasekera, 1995).

Mass conservation equation:

g
=+ V- (pu) =0 (1)
Momentum conservation equation:
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5 V-(pun) = —Vp+ Vr )
Energy conservation equation:
dlat, ) __dw
+ Vipuh,) = 5.t VIAVT) — ¥z 1)

dr
3
Specific total enthalpy is defined as follows:
ho =h+ (w8 + v+ w?) @)
where u, v, w — velocity components in Cartesian
coordinates.

In this CFD model, we used Peng-Robinson
equation of state that is usually used to describe
hydrocarbon gases behavior (Whitson, Brulé, 2000). It
has the following form:

_ AT =ell) 5

P v iz )

Coefficients a and b in equation (5) are defined as
follows:

@ = 6,45?24? ©)
C
b= oJo??a? )

Peng and Robinson proposed following expression
for temperature function o(7)
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2
(T = [1 +m(1 - 1)] (®)
TI:‘
where parameter m depends on acentric factor w in the
following way:

m = 0.379642 +1.48503w— 0.1644* +0.0166670° (9)

III. TURBULENCE MODEL

For turbulence modeling, LES model is used in
this investigation. The main idea in the LES technique
is to separate large and small scales. The governing
equations for LES model are obtained by filtering the
time-dependent Navier-Stokes equations in the
physical space. The filtering process filters out the
eddies whose scales are smaller than the filter width or
grid spacing used in the computations. The resulting
equations thus govern the dynamics of the large eddies
(SAS IP Inc., 2013). The large-scale turbulent flow is
solved directly and the small scales are computed
from subgrid-scale (SGS) turbulent model.

In the LES technique, subgrid-scale Reynolds
stress tensor is related to eddy-viscosity as follows
(SAS IP Inc. 2013):

E —
- (T* - ET) = ditgesS (10)
where & is the local strain rate.
5= §[vu + (7)) (1)

According to the wall-adapted local eddy-viscosity
model (WALE) (Nicoud, Ducros 1999) the following
equation is used to compute the eddy-viscosity:

(5% djsfz
Heogr = (Cwﬂjz

el
where C,, = 0.5.

12
(50872 4 gihgd )1 12

IV. GEOMETRICAL MODEL

The CFD model in present research is based on the
developed small-scale vortex tube that we used in
field experiments. A schematic view and basic
dimensions of this geometry is represented in Fig. 1
and summarized in Table 1.

o
| L -

Fig. 1. Schematic view of the vortex tube geometry
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In current research we used a vortex tube with two
tangential nozzles. To reduce instability on cold exit

78

cylindrical element with internal diameter D, was
added to the end of orifice. This allows us to provide
correct boundary conditions on cold exit. In front of
nozzles, large cylindrical elements were attached.
Such inlet is necessary for correct simulation of inflow
stream behavior.

Table 1. Geometric parameters for the vortex tube

model
Tube ID D mm 7.5
Tube length L mm 100
Nozzles ID dn mm 15
Nozzles number n - 2
Orifice diameter d mm 3.5
Cold exit ID Dc mm 8

To make use of this geometry we created a solid
model that represents a computational domain. It is a
copy of our experimental vortex tube internal volume

(Fig. 2).

Fig. 2. Computational domain

Some simplifications were applied to it. For
example, hot exit ends with conical valve and not with
a tee. The form of inlet chamber was also simplified
for convenience. Simplifications were made in that
regions where it does not have big influence and allow
us to decrease computational mesh size.

V. COMPUTATIONAL MODEL

In current study, we used a complete three-
dimensional grid. Tetrahedral mesh with maximum
element face size of 0.3 mm was generated. Minimum
element size was set to 0.005 mm. The number of
elements reached 1038416 and the number of nodes
was 199486. A part of this mesh is shown in Fig. 3. A
local mesh refinement of first order was applied to hot
exit area, orifice and nozzles inlet. The high mesh
resolution allowed us to get more details on vortex
structures inside a tube.
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Fig. 3. Computational mesh

For this model, we applied boundary conditions in
locations shown in Fig. 4.
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==

o

Gi, Ti

0 B0z
o 3

Fig. 4. Boundary conditions

0.0¢ (m)

Inlet stream mass flow rate for each nozzle was set
to G; = 0.001 kg/s, inlet gas total temperature was
equal T; = 303 K. Atmospheric pressure was specified
at the cold exit of the vortex tube, t.e. P, = 0 atm.

Hot stream mass flow rate G, was a simulation
variable and has been changing for different series of
computations. Cold mass fraction then was calculated
as

_ ZGi—Cp
s (13)

Methane was set as domain fluid. To compute its
properties Peng-Robinson equation of state was used.
All tube walls were considered adiabatic, without any
heat transfer to environmental air. No slip wall
condition was used with wall roughness 0.03 mm.

Since we have used LES turbulence model, initial
conditions and time parameters should be set for our
domain. Initial pressure P, in the tube was equal to
atmospheric pressure. Initial velocity components
were set to 1 m/s. Initial temperature was set at level
of 303 K.

Time step size of 10* s was chosen for the Second
Order Backward Euler scheme. The calculations
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within a given time step are continued for a
convergence criteria of 10™ for the solving variables.
During computation process mass, momentum and
energy balances were controlled as well as their
residuals. Other important parameters that were
controlled are energy, momentum and mass
accumulation in computational domain. The iterations
were terminated when a pseudo steady-state behavior
was observed, which corresponds to steady
fluctuations in velocity, temperature, pressure and
density. It should be noted that mass, momentum and
energy accumulation and their balances must also
approach zero.

VI. RESULTS AND DISCUSSION

The LES simulations were performed on the
workstation equipped with 6-core Intel Core i7 990X
3.4 GHz processor, 3 TB HDD, 24 GB DDR3
memory. Computational time in LES simulation was
about 5 — 6 h for each value of cold stream mass
fraction.

The model was tested for three levels of inlet mass
flow rate G; that correspond to three levels of inlet
pressure P;. On each level, five different simulations
were performed by varying the hot exit mass flow rate
Gy. The hot stream mass flow rate was taken from
range 10, 30, 50, 70 and 90% of the inlet mass flow
rate equal 2G;. Current analysis is focused on the
investigation of total temperature and total pressure
distribution in the flow field.

Fig. 5 shows contours of the total pressure for
different values of cold stream mass fraction p.

Fig. 6 shows contours of the total temperature for
different values of cold stream mass fraction p. Total
inlet pressure in this case was about 2 atm.
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Total Pressure
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Fig. 5. Contours of total pressure in YZ plane

Total Temperature
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Fig. 6. Contours of total temperature in YZ plane

In Fig. 5 it can be seen that in core region of vortex
tube model a low pressure stream is forming. Increase
in cold stream mass fraction p causes pressure
decrease in this area. However, when the value of p is
too big, critical flow through the orifice of vortex tube
can be achieved. This can be clearly seen in Fig. 5
when p = 0.9. The lowest total pressure level in core
region is observed when cold stream mass fraction
approaches zero. Absolute pressure in this area can
fall below atmospheric that causes ejecting of
environmental air into the vortex tube.

In Fig. 6 one can see that heating effect increases
when cold stream mass fraction approaches p = 1,0.
Maximum value of hot stream total temperature
received at P; = 2 atm is about 72 °C. Cooling effect
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has opposite behavior. It increases with cold stream
mass fraction decrease. Total temperature has a
minimum value at cold stream mass fraction pu = 0. It
is not a typical behavior of vortex tube. As reported in
(Aydin, Baki, 2006; S. Eiamsa-ard, 2010; Promvonge,
Eiamsa-ard, 2005) the lowest cold stream total
temperature is found at p ~ 0.3 while the highest hot
stream total temperature is at p =~ 0.7. To get the
answers we have compared simulation results with
data achieved from experimental investigations
performed on natural gas processing plant. Fig. 7
shows the comparison of simulation results and
experimental data. As was mentioned above the
lowest cold stream total temperature in field data is
found at p = 0.35 and the highest hot stream total
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temperature is at u = 0.7. Thus, our model is accurate
in range u = 0.3 — 1 for cold stream total temperature
and in range p = 0 — 0.7 for hot stream total
temperature. We can see relatively good accuracy of
simulation data for hot and cold streams total
temperature. Interesting behavior of our CFD model
can be explained by adiabaticity of the process. In real
world when measuring temperature at small flow rates
of one of the streams an intensive heat transfer occurs
through the tube wall between internal fluid and
environmental air. As flow rate and velocity of cold or
hot stream is too small after the exit the heat transfer
is directed into the tube. Therefore, the measurements
in the cold or hot exit pipes could show results that are

= b [
(%] =] (%]

Total Temperature difference, AT, ATy, °C
[
=

01 0,2 0,3 0,4

far from ideal CFD model. It should be mentioned that
field experiments show vortex tube heating even at
very low hot stream mass fractions. In some way, this
corresponds to our CFD model and should be further
investigated.

Fig. 8 shows the influence of inlet pressure level
on temperature differences for cold and hot streams.
As was expected the hot stream total temperature has
higher values with total pressure increase. Cold stream
total temperature become lower with higher pressures.
Obviously, energy separation become more intensive
with higher inlet pressures because of tangential
velocity increase that causes larger pressure gradients.

0,5 0,6 0,7 0,8 0,9

Cold stream mass fraction, p

ATc field

ATh field = = = ATcmodel = = = ATh model

Fig. 7. Comparison of simulation results and experimental data at P; = 2 atm, T; = 30 °C
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Total Temperature difference, AT, ATy, °C
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0,1 0,3 0,5 0,7 0,9
Cold stream mass fraction,
4Tc 2 atm 4Th 2 atm
A4Tc3 atm ——ATh 3 atm

Fig. 8. The total temperature differences at
different levels of inlet pressure
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Total Temperature difference, AT, AT, °C
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Fig. 9. The total temperature differences for air and
methane, P; = 2 atm
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The main objective of current investigation is to
compare the temperature separation effect for air and
methane. To reach this we performed the same
simulations for air as was done for methane. The
comparison between these two gases was carried out
for three levels of inlet total pressure: 2, 3, 4 atm. The
results are shown in Fig. 9 — 11. As we can see the
temperature separation effect is more significant for
air then for methane at all investigated pressures.

0,1 0,3 0,5 0,7 0,9
Cold stream mass fraction, p
= = = AThair

Total Temperature difference, AT, ATy, °C
I
=

= = = ATcair

ATc CH4 4Th CH4

. 10. The total temperature differences for air and
methane, P; = 3 atm

=
o o O

Total Temperature difference, AT, AT,
oG
[e= T | (%3]

0,1 0,3 0,5 0,7 0,9
Cold stream mass fraction, p
= = = ATcair = = = ATh air

Fig. 11. The total temperature differences for air and
methane, P; = 4 atm

CONCLUSIONS
A three-dimensional numerical model of Ranque-

Hilsch vortex tube has been developed to analyze the
flow parameters and energy separation effect in
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methane stream. For turbulence modeling, LES model
was used in this investigation. The comparison
between temperature separation effects for air and
methane streams has been conducted.

The following conclusions were made.

—The temperature separation effect is more
significant for air then for methane at all
investigated pressures.

—Low pressure zone forms in the core region of
the vortex tube. Absolute pressure in this area
can be lower than atmospheric pressure. This can
cause the ejecting effect.

— High values of cold stream mass fraction causes
critical flow through the orifice. As a result total
pressure inside vortex tube increases.

— Current numerical model of the vortex tube
shows a good accuracy in cold and hot stream
temperature prediction but some anomalies exist
for hot stream temperature.

— Temperature separation effect becomes more
significant with inlet pressure increase.

Created model can be used to predict temperature
separation effect in methane stream. As far as there
is no adequate physical model of Ranque effect,
results of current investigations could help to
design industrial vortex tubes for oil and gas
industry where methane is a main product.
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YNCINEHHOE MOMENWPOBAHWE PACMPEOEJNEHUA TEMMNEPATYPbl B MOTOKE
METAHA B BUXPEBOWU TPYBE PAHKA-XUJILLA

B nacmoswem uucneHHoM ucciedo8aHuu paccMoOmpeHo pacnpedeneHue memMnepamypsl 8 NomoKe
MemaHa Hympu npomueomounou euxpesoi mpyowvr Panxa-Xumua. Tpexmepnas ceomempuyeckas mooens
suxpegou mpyovl Oblla UCHONBL308AHA OJil CO30AHUS BLIYUCIUMENbHOU CEMKU C BbICOKOU NIOMHOCMbIO.
Paccmompena suxpesas mpyba c 08yms manzeHyuATbHbIMU 8XOOHBIMU CONNAMU, OCEBLIM 8bIXOOOM XOI00HO20
nOMOKA U nepugpepuiinblm 6bIX000M copaueco nomoka. Meman 6vin ucnonv3osan 6 kavecmese GuouUda mecme
¢ kybuyeckum ypagnenuem cocmosnus Ilenea-Pobuncona. Bvinu npoananuzuposanst maxue ceolicmaa cpeovl,
KAK NOJHAA MeMnepamypa u noiHoe oaeieHue 015 OUANA30HA 6XOOHBIX MACCOBbIX PACX0008 U 3HAYEeHUll
noaHO20 OagreHusi Ha 6éxode. Kpome moeo, bvino ucciedosano pacnpedeineHue NOIHO20 0aBleHUs U NOIHOU
memnepamypuvl 60016 0Ce8020 HanpaesieHus. Ipghexm pazoenenus memnepamypvl 0Ka3acs 6onee SHAUUMbIM
o0na 8030yxa, yem OJid Memaud Npu 6cex Ucciedo8anHvix oasnenusx. CozoanHas modenvb Mmodicem OblmMb
UCNOL30BAHA 0I5 pA3PAOOMKU NPOMBIULTIEHHBIX 8UXPEGLIX MPYO 015t HeMAHOU U 2A30801 NPOMBIUWIECHHOCIU,
20e MemaH s167emcsi OCHOGHBIM NPOOYKIOM.

Kntouesvie cnosa: suxpesas mpyba Panka-Xunwa; pacnpedenenue sHepeuu;, MoOeIUposarue GOIbUUX
suxpeil; ypagHeHue cCOCMOAHUA PeaIbHO20 2a3d;, MEmaH
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