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Résumé — Prediction du débit massique dans les applications de traitement supersonique du gaz
naturel — Le débit massique volumique de gaz naturel a travers un séparateur supersonique a
été calculé numériquement en utilisant plusieurs équations d’état cubiques. Les résultats
numériques indiquent que les coefficients de compressibilité et les coefficients de chaleur
spécifique calculés avec les modéles de gaz réels difféerent remarquablement des résultats issus
de la loi des gaz parfaits pour une pression d’entrée élevée. Parallélement, les calculs de débit
massique effectués avec les modeles de gaz réels et avec la loi des gaz parfaits présentent une
déviation de plus de 10 %. Cette déviation augmente lorsque la température d’entrée diminue,
quelle que soit la pression en entrée. Une contre-pression plus élevée déplace I’'onde de choc en
amont. Le premier seuil a dépasser pour un fonctionnement normal du séparateur est obtenu
pour un ratio de pression de 0,72. Un second seuil correspond a un ratio de pression de 0,95,
le flux étant cependant dans ce cas subsonique, sans atteindre les conditions de saturation.
Dans le cas des modeles de gaz réels, 'onde de choc est décalée vers 'amont par rapport a la
loi des gaz parfaits dans la section de séparation cyclonique.

Abstract — Prediction of Mass Flow Rate in Supersonic Natural Gas Processing — The mass flow
rate of natural gas through the supersonic separator was numerically calculated by various cubic
equations of state. The numerical results show that the compressibility factor and specific heat ratio
for ideal gas law diverge remarkably from real gas models at a high inlet pressure. Simultaneously,
the deviation of mass flow calculated by the ideal and real gas models reaches over 10%. The differ-
ence increases with the lower of the inlet temperature regardless of the inlet pressure. A higher back
pressure results in an earlier location of the shock wave. The pressure ratio of 0.72 is the first thresh-
old to get the separator work normally. The second threshold is 0.95, in which case the whole flow is
subsonic and cannot reach the choked state. The shock position moves upstream with the real gas
model compared to the ideal gas law in the cyclonic separation section.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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INTRODUCTION

A supersonic separator has been introduced for the nat-
ural gas processing, and its typical application is to
remove the water vapor from natural gas for the control
of the dew point [1, 2]. In this method, the natural gas
liquids and heavier hydrocarbons may also be separated
from natural gas depending on the low pressure and tem-
perature resulted by the supersonic expansion. This rev-
olutionary technique combines the theories of fluid
mechanics, thermodynamics and phase transformation
dynamics to emplace the processes of the gas expansion
in supersonic velocities, cyclonic gas/liquids separation
and re-compression in a compact tube. The supersonic
separator enables high reliability and availability
because there are no rotating parts in it. This new sepa-
ration process prevents the hydrate formation and elim-
inates the needs for inhibitor and regeneration systems
due to the short residence time in the device.

A supersonic separator mainly consists of four parts,
namely, a swirling device, a Laval nozzle, a cyclonic sep-
aration section and a diffuser. The swirl device is used to
transform part of the axial velocity to angular velocity to
generate swirls. The Laval nozzle accelerates the natural
gas flows, and the sonic speed is obtained at the nozzle
throat. In the divergent part, the natural gas is further
expanded to supersonic velocity resulting in a low pres-
sure and temperature, which is the foundation condition
for the condensation of water vapor. The cyclonic sepa-
ration section is the extending of the Laval nozzle. It pro-
vides enough space and time conditions for the
separation processing in supersonic velocities. In the dif-
fuser, the supersonic velocity is changed to subsonic one
when the natural gas flow meets the shock wave. Hence,
the diffuser transforms the remaining kinetic energy to
pressure for energy saving.

The supersonic separation technology has been exten-
sively studied in the past. Alfyorov et al. [3] investigate
the separation characteristics of the supersonic separator
compared to the Joule-Thomson valve and turbo-expan-
der for natural gas. Liu et al. [4] introduce an indoor
supersonic separation rig and test its dehydration perfor-
mance with moist air for the working fluids. Jassim ef al.
[5, 6] employe a computational fluid dynamics method to
investigate the effects of the nozzle geometry and vortic-
ity on the supersonic flow in Laval nozzle. Karimi and
Abdi [7] analyze the influences of the gas dynamic
parameters on the natural gas flow in the supersonic noz-
zle, such as the inlet pressure, the inlet temperature, and
so on. Malyshkina [8, 9] obtaines the distribution of gas
dynamic parameters of natural gas through a supersonic
separator with a computational method, and a proce-
dure is developed to predict the separation capability

Oil & Gas Science and Technology — Rev. IFP Energies nouvelles, Vol. 70 (2015), No. 6

of water vapor and higher hydrocarbons from natural
gas using a supersonic separator determined by the ini-
tial parameters. Zaporozhets et al. [10] introduce an
expander-compressor unit namely the thermal gas-
dynamic separator. In essence, it is a supersonic separa-
tor as it consists of a swirler, a nozzle, a separation part
and a diffuser. Jiang e al. [11] employe the corrected
Internally Consistent Classical Theory and Gyarmathy
theory to modeling the nucleation and droplet growth
of natural gas in the supersonic separation process. In
our previous studies, we design a new supersonic separa-
tor incorporating a central body and analyze the effect of
the nozzle geometry and swirls on the flow field [12, 13].
The Reynolds stress model is employed to predict the
strong swirling flow of natural gas in the diffusers using
the Navier-Stokes equations [14]. The discrete particle
method is used to predict the particle separation charac-
teristics in a supersonic separator and the separation effi-
ciency is obtained [15].

As a novel technique for natural gas separation, the
supersonic separator has a lot of advantages, such as
impact design, low weight, no chemicals and unmanned
operation. However, there is a non-negligible weakness,
which the device is very sensitive to the inlet gas flow rate
due to the presence of a Laval nozzle inside the device.
The critical area at the nozzle throat determines the
gas mass flow rate through this device. If the mass flow
rate is less than the designed one, the natural gas is the
subsonic flows in the whole supersonic separator, which
cannot reach the required low pressure and temperature
for the condensation of the water vapour, which means
that it doesn’t work in this condition. Therefore, it is
important to study and evaluate the gas flow rate
through a supersonic separator. The purpose of this
study is to employ various cubic Equations Of State
(EOS) to evaluate the gas properties and real mass flow
rate of natural gas through the supersonic separator. The
key pressure ratio will be discussed by analyzing its influ-
ence on the shock wave position.

1 COMPUTATIONAL APPROACH

1.1 Governing Equations

The high pressure natural gas through a supersonic sep-
arator reaches supersonic velocities where the Mach
number is greater than unity. In the computational fluid
dynamics simulation, the governing equations include
the compressible conservation of mass (continuity
equation), momentum, and energy equations. In this
case, we didn’t solve the partial differential equations
for fully three-dimensional flows. Instead, the
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two-dimensional axisymmetric flows were solved in
ANSYS FLUENT platform [16].

1.2 Real Gas Equations of State

An Equation Of State (EOS) is usually used to evaluate
the fluid properties. The ideal gas law can be employed
to describe the mathematical relationship of the
Pressure-Volume-Temperature (PVT) of a gas at low
pressure and high temperature. Errors in pressure and
temperature evaluation lead to the poor prediction of
the flow structures. Therefore, a real gas EOS is expected
to calculate the thermodynamic parameters of a gas at
higher pressures and lower temperatures.

In 1873, van der Waals presented an EOS with the
valuable significance. Even though the equation is not
accurate for most applications, it provides a perspective
for researchers to represent the PVT behavior of gases.
Since then, many EOS have been proposed to improve
the accuracy in the predictions of thermodynamic prop-
erties by modifying the van der Waals EOS. In 1949,
Redlich and Kwong [17] propose an Equation Of State
(RK EOS) by correcting the attractive term. It has been
recognized a most successful modification of the van der
Waals EOS and proved its accuracy for many gaseous
systems. The RK EOS can be expressed as the following
form:

_ RT _ a (1)
PV T ) ()

a=0.42747R*T?/p, (2)

b = 0.08664RT./p, (3)

where V is the gas volume; R is the gas constant; T, and
p. are the critical temperature and pressure, respectively.

The success of RK EOS has inspired many researchers
for further studies to improve the accuracy. Soave [18§]
suggests to redefine the term of (7/7,) " to a(7T) func-
tion depending on the temperature as follows:

a(T) = [1+m(1- (T/TC)O'S)]Z 4)

m = 0.480 + 1.574w — 0.1760* (5)

where o is the acentric factor.

After Soave’s proposal, some other modifications
were proposed for high accuracy. And the most famous
of the studies is the Peng-Robinson EOS [19]. Based on
the Soave’s suggestion, they use the same a(7) function
with a different m and modified the volume dependency
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of the attractive term. PR EOS can be described in
Equation (6):

= VR—Tb* V(V—s—g)a—(FTl))(V—b) (6)
a = 0.457247R*T? /p. (7)

b = 0.07780RT./p, (8)

m = 0.37464 + 1.542260 — 0.26990)* (9)

In 1995, Aungier [20] employes the critical point com-
pressibility factor as the additional parameter and rede-
fined the a(T) function to modify the RK EOS. The
Aungier EOS form differs from the original RK EOS
by a non-zero parameter ¢ which is added to improve
the behavior of isotherms near the critical point, as well
as setting the exponent #n differently. Aungier EOS is
expressed as the following form:

RT aa(T)
= - 10
Py by v(r+o) (10)

RT,

= b—V. 11
T ()
a(T) = (T/T)™ (12)
m = 0.4986 + 1.1735w + 0.47540* (13)

where V. is the critical volume. ¢ and b are given by
Equation (2) and (3), respectively.

The RK, SRK, ARK, PR equations are widely used in
oil and gas industry. The advantages of these equations
are that they are easy to use and they often accurately
represent the relation between temperature, pressure,
and phase compositions in binary and multicomponent
systems. These equations only require the critical prop-
erties and acentric factor for the generalized parameters.
Little computer resources are required and those lead to
good phase equilibrium correlation.

For the multi-component mixtures, such as natural
gas, mixing laws are utilized to calculate the parameters
a and b. The van der Waals mixing rules [21, 22] were
applied to obtain the EOS parameters for the mixtures
from those pure components. The mathematical expres-
sions of this mixing rule can be written:

a= zn:ixﬂf\/ai_f!f(l — ki) (14)

i=1 j=1
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Schematic diagram of the supersonic separator.
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b:i:xib,- (15)
i=1

where x is molar fraction; # is the total number of the gas
components; k; is the binary interaction parameter
between components 7 and j.

1.3 Computational Conditions

The supersonic separator employed in the computa-
tional study consisted of a Laval nozzle, a cyclonic sep-
aration section and a diffuser, as shown in Figure I.
The inlet and outlet diameters of the nozzle are
100.00 mm and 23.83 mm, respectively. The throat diam-
eter is 17.40 mm. The profile of the convergent section of
the nozzle is calculated by Equation (16), while the
Foelsch’s analytical calculation was employed to design
the divergent section of the nozzle [23, 24]. The conver-
gence and divergence half angle of the nozzle is 12.48°
and 2.43°, respectively. The diffuser is designed as a
straight conic one with the divergence angle of 6°. A con-
stant area tube is inserted between the nozzle and dif-
fuser representing as a cyclonic separation section. In
addition, a straight tube with the length of 100 mm
was connected to the upstream and downstream of the
device for the computational calculation:

D—De _ _L@f <1< )

D,- D,, ! X,2 \L L < X
D-D 1 : 16)
D,-D,, (1 me)z ( L

where Dy, D, and L are the inlet diameter, the throat
diameter and the convergent length, respectively.
X,, = 0.3 — 0.7 x x is the distance between arbitrary
cross section and the inlet, and D is the convergent diam-
eter at arbitrary cross section of x.

In this simulation case, the swirling and condensation
flows were not considered in the prediction of the gas
mass flow rates. Instead, we just considered the single
gas flow in a supersonic separator. As a result of the high

Reynolds number in the supersonic separator, the mod-
eling of the turbulence plays a crucial role in the flow pre-
diction [25]. For this sort of flow situation, the pressure
gradient is not very large in the gas expansion, while
the boundary layers are probably small, and the turbu-
lent boundary layers act just as a correction. The k-¢
model is a two equation model, and it is promisingly
accurate for the flows with relatively small pressure gra-
dients and for wall-bounded and internal flows where
mean pressure gradients are very small. Hence, the stan-
dard k-¢ model is used in this case because of its robust-
ness, economy and reasonable accuracy.

The finite volume methods are employed to solve the
governing equations with ANSYS FLUENT being the
numerical platform. The semi-implicit method for pres-
sure linked equations (SIMPLE) is adopted for the solu-
tion of the momentum equation by guessing the pressure
gradient and getting a convergence [26, 27]. The bound-
ary conditions employed in the present computation are
shown as follows: pressure inlet for the separator
entrance, pressure outlet condition for the exits of dry
gas and liquids, respectively. No-slip and adiabatic
boundary conditions are supposed for the solid walls.
The convergence criterion is 107 for the energy equa-
tion and 107 for all other equations.

The natural gas used in the simulation is composed of
methane, ethane, propane and water vapour. The mole
composition of natural gas is as follows: 95.94% CHy,
3.00% C,Hg, 1.00% C3Hg, 0.06% H>O. The parameters
are used in the simulation including the molecular weight,
standard state entropy, critical temperature, critical pres-
sure, critical specific volume, acentric factor, and so on.

2 RESULTS AND DISCUSSION

2.1 Vadlidation of Computational Approach

The model validation work has been performed in a
Laval nozzle and reported in our previous publication.
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Pressure profiles for nozzle flow.

Detailed information can be found in [28]. Here, only
one figure is re-plotted for general understanding. The
comparisons of the static pressure in the central line of
the Laval nozzle are shown in Figure 2. It can be seen
that the same flow behavior is obtained and the shock-
wave position is accurately captured by our simulation
method. Therefore, our computational approach can
predict the supersonic flow very well.

2.2 Ideal Mass Flow Rate of Natural Gas

The supersonic separator involves a Laval nozzle to
expand the natural gas to supersonic velocities for lower
pressure and temperature, which is the essential condi-
tion for the natural gas separation. Therefore, the mass
flow rate to get the supersonic separator work is the
choked mass flow rate, m,:

Me = pVeAe = poacA; (17)

where v, and «a, are the gas velocity and sound speed at
the nozzle throat, respectively. p. is the gas density of
the choked flow, and A4, is the section area at throat.

Assume that the natural gas follows the ideal gas law,
we can obtain the mathematical relationship between the
stagnation parameters and choked flow parameters as
follows:

Po = poRTo (18)

y—1
To:(1+/2 )TC (19)
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po = (1 +y; 1)(Tll)pc (20)

a. = \/YRT. (21)
where 7y is the specific heat ratio. py, pg and T, are the
stagnation parameters, respectively.

Substituting relationships (18-21) into Equation (17),
and the choked mass flow rate can be expressed as:

y+1
2\ p,

e = V7| —— A, 22

" W()}—Fl) VRT, (22)

To evaluate the real gas effects on the mass flow rate
of natural gas through the supersonic separator, we
define a dimensionless parameter deviation factor of
the mass flow rate, m,:

M = Me s 100% (23)

me

me, =

where m, is the mass flow rate calculated by the real gas
models.

2.3 Mass Flow Rate with Real Gas Models

The mass flow rate of natural gas through the supersonic
separator is computationally simulated using various
real gas models (RK, RKS, PR and RKA EOS in present
simulations), respectively. The compressibility factor is
the ratio of the molar volume of a gas to the molar vol-
ume of an ideal gas at the same temperature and pres-
sure. It is a useful thermodynamic property for
modifying the ideal gas law to account for the real gas
behavior. The compressibility factor, Z, is defined as:

Z =pV/RT (24)

where V' is the molar volume, p is the pressure, 7 is the
temperature, and R is the gas constant. The compress-
ibility factor, Z, will be 1 for an ideal gas.

The compressibility factor was employed to assess the
real gas effects with the inlet pressure of 5 atm and
60 atm, as shown in Figure 3. One can see that the nat-
ural gas has a compressibility factor of 0.99 in the whole
supersonic separator with a lower inlet pressure (5 atm),
which means the natural gas has a little difference from
the ideal gas. On the contrary, when the inlet pressure
is about 60 atm, the compressibility factor greatly
increases in the Laval nozzle, and keeps nearly a
constant in the cyclonic separation section. Then, the
compressibility factor sharply declines as a result of
the emergency of the shock. In the whole separation
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Compressibility factors of natural gas at the inlet pressure
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Specific heat ratio along the axis at various inlet pressures.

processing of natural gas in the supersonic separator, the
compressibility factor diverges from the ideal value of
unity, although the results calculated by the RK, RKS,
PR and RKA EOS have a little difference from one to
the other. Therefore, it can be concluded that the com-
pressibility factor of natural gas affects the evaluation
of the mass flow rate compared to the ideal gas through
the supersonic separator at a high pressure.

Equation (22) indicates that the specific heat ratio
plays an important role in the prediction of the mass flow
rate of natural gas through a supersonic separator.
Therefore, the specific heat ratio of natural gas is compu-
tationally calculated by PR EOS at various inlet pres-
sures, and the axial profiles are depicted in Figure 4.
The ideal ratio of specific heat of natural gas is constant

at 1.304. One can see that the specific heat ratio rises sud-
denly in the Laval nozzle due to the acceleration of natu-
ral gas with an abrupt drop in the shock position, when
the PR real gas model is performed. A similar tendency
appears at various inlet pressures, but the amplitude of
variation of the profiles of the specific heat ratio rises with
higher inlet pressure. Moreover, the specific heat ratio
decreases with the increase of the inlet pressure at a fixed
position. That is, these variations at the nozzle throat
affect significantly the calculation of the mass flow rate
of natural gas through the supersonic separator.

Figure 5 shows the divergence of the mass flow rate of
natural gas calculated by the ideal gas law and the real gas
models. The inlet temperature was fixed at 288 K to eval-
uate the effect on the mass flow rate. It can be seen that the
deviation factor, m, increases with a higher inlet pressure
for the real gas models. When the inlet pressure is less than
50 atm, the deviation factor is below 5%. If the inlet pres-
sure becomes higher than 80 atm, the factor m, will be
more than 10%. In the operation of the supersonic sepa-
rator, it usually works at a high inlet pressure, such as
100 atm or a little more. In this condition, the real gas
model should be taken into account for the mass flow rate
of natural gas through the supersonic separator.

2.4 Effects of Inlet Temperature on Mass Flow Rate

The ideal gas law and Peng-Robinson EOS are employed
to predict the effects of inlet temperature on the mass
flow rate of natural gas. Figure 6 depicts the profiles of
the deviation factor at various inlet temperatures with
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Effect of inlet temperature on the mass flow rate with PR
EOS model.
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Distribution of the static pressure with different back
pressures.

the inlet pressure from 5 atm to 100 atm. The deviation
factor of natural gas rises with the decrease of the inlet
temperature regardless of the inlet pressure. The growth
rate of the deviation factor becomes larger at a higher
inlet pressure. At a low inlet pressure, less than 30 atm,
for example, the factor is below 5% even with a low tem-
perature of 283 K. However, there would be a huge devi-
ation of mass flow rate of natural gas if the ideal gas law
was used to calculate the thermodynamic properties at
the high pressure and low temperature. For instance,
the calculation error reaches about 16.5% at the inlet
pressure of 100 atm with the temperature of 283 K.
Therefore, the ideal gas law will result in an error on
the prediction of mass flow rate of natural gas through
the supersonic separator. In the gas field, the typical
operating condition for a supersonic separator is that
the inlet temperature is normally less than 303 K with
the inlet pressure of about 100 atm. In these conditions,
the real gas model should be employed to predict the gas
flow rate through a supersonic separator. Otherwise, the
designed gas mass flow rate will be lower than 10% of the
real one, if the ideal gas law is used. It causes that the nat-
ural gas flow can’t be choked at the nozzle throat. That
is, the gas flow is subsonic in the whole supersonic sepa-
rator, which can’t induce the low pressure and tempera-
ture for nucleation and condensation of a water vapour.

2.5 Pressure Ratio and Mass Flow Rate

The static pressure of natural gas along the supersonic
separator axis is shown in Figure 7 at the different

pressure ratio p,, which is the ratio of the back pres-
sure to the inlet one. The back pressure is the one at
the separator outlet. The shock wave moves upstream
with the increase of the pressure ratio from the diffuser
to the nozzle. The shock wave can stay in the diffuser
when the pressure ratio keeps below 0.72. If the pres-
sure ratio becomes a little bigger, the shock wave will
go into the cyclonic separation section, resulting in a
sudden rise of the static pressure, which will destroy
the supersonic separation processing. Thus, the pres-
sure ratio of 0.72 is the first threshold to make the
supersonic separator workable. When the pressure
ratio reaches 0.95, the shock goes across the throat
and the whole flow is subsonic through the supersonic
separation. This is the second threshold of the pressure
ratio, in which the mass flow rate cannot reach the
choked flow. In the nozzle and the diffuser, both the
ideal gas law and PR real gas predict the same distri-
butions of the static pressure. In the cyclonic separa-
tion section, the real gas model predicts an earlier
shock location compared to the ideal gas law. It means
that the shock position is sensitive to the pressure ratio
with the real gas model.

Moreover, the RK real gas model is employed to pre-
dict the vital pressure ratio representing the RK EOS,
since they nearly predicted the similar results as shown
in Figures 3 and 5. The data also show a similar result
in the aspect of predicting the pressure ratio compared
to the PR model. This indicates that the threshold of
the pressure ratios predicted by the real gas model can
be used in the design of a supersonic separator.



1108

CONCLUSIONS

The mass flow rate of natural gas through the supersonic
separator was predicted using the ideal gas law and cubic
equations of state. At a high pressure, the compressibil-
ity factor calculated by the real gas models diverged sig-
nificantly from the results of ideal gas, showing the real
gas effects on the supersonic separation processing. In
the PR real gas model, the specific heat ratio rised in
the Laval nozzle and dropped sharply at the shock wave
location. The variation of the specific heat ratio at the
nozzle throat had an important effect on the evaluation
of the mass flow rate of natural gas. The computational
study indicated that the deviation of the mass flow rate
of the ideal gas reached over 10% compared to the real
gas models at higher pressure.

The deviation of mass flow rate of natural gas
increased with the decline of the inlet temperature
regardless of the inlet pressure, when the ideal and real
gas models were used for the simulation. The calculation
error of mass flow rate reached 16.5% in a higher inlet
pressure and lower inlet temperature (100 atm, 15°C).

The position of the shock wave moved upstream from
the diffuser to the nozzle with the increase of the back
pressure. The first threshold of the back pressure of
0.72 times of the inlet one was found to get the super-
sonic separator work normally, where the real mass flow
rate of natural gas was still the choked one. If the pres-
sure ratio increased to 0.95, the shock went across the
throat and the whole flow was the subsonic through
the supersonic separator. This was the second threshold
and the mass flow rate could not reach the choked flow.
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