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ABSTRAK

Penelitian ini mengkaji lebih dalam visual gradien tekanan aksial dan karakteristik faktor gesekan dari aliran turbulen
CO? superkritis dalam anulus konsentris dengan pendekatan numeris. Paket perangkat lunak dinamika fluida komputasi,
CFD FLUENT digunakan untuk penyelidikan. Suhu saluran masuk bervariasi dari 31 hingga 110 ‘C pada dua tekanan
operasi 9 MPa dan 14 MPa. Pengaruh laju aliran massa, jarak anulus, dan kecepatan rotasi poros pada gradien tekanan dan
faktor gesekan diselidiki. Hasil penelitian menunjukkan bahwa gradien tekanan bersifat non-linier dan faktor gesekan
berubah secara tiba-tiba di dekat titik kritis. Pengaruh laju aliran massa dan kecepatan rotasi poros pada faktor gesekan
ditemukan signifikan sedangkan efek jarak bebas tidak signifikan. Faktor gesekan untuk kondisi tertentu ditemukan dalam
kisaran 0,042-0,029. Peningkatan satu setengah kali lipat dalam faktor gesekan ditemukan ketika ada peningkatan dua kali
dalam kecepatan rotasi. Kesepakatan yang memuaskan diperoleh antara hasil yang diprediksi oleh CFD (fasih) jika
dibandingkan dengan hasil yang diprediksi oleh persamaan Darcy Weishach dan diagram Moody dan kemudian dengan
eksperimental. Oleh karena itu, persamaan Darcy Weisbach dan diagram Moody dapat menjadi cara yang efektif untuk
menentukan faktor tekanan dan gesekan masing-masing untuk aplikasi aliran turbulen CO; superkritis melalui anulus
konsentris.

Kata kunci: CO, superkritis, aliran turbulen anulus, gradien tekanan, faktor gesekan, perbandingan.

ABSTRACT

This study uses a numerical approach to examine the visual axial pressure gradient and friction factor
characteristics of supercritical CO; turbulent flow in a concentric annulus. The Computational Fluid Dynamics
(CFD) software package (FLUENT) was applied for the investigation. The inlet temperature varied from 31 to
110 °C at two operating pressures 9 MPa and 14 MPa. The effect of mass flow rate, annulus clearance, and
shaft rotational speed on the pressure gradient and friction factor are investigated. The results show that the
pressure gradient is non-linear and the friction factor changes abruptly near the critical point. The effect of
mass flow rate and shaft rotational speed on the friction factor is found significant whereas the effect of
clearance is insignificant. The friction factor for a given condition is found in the range 0.042-0.029. A one-and-
a-half times increase in the friction factor was found when there was a two-time increase in the rotational speed.
A satisfactory agreement is obtained between the results predicted by CFD (fluent) when compared with the
results predicted by the Darcy Weisbach equation and the Moody diagram and then with the experimental.
Hence the Darcy Weisbach equation and Moody diagram can be an effective means of determining the pressure
and friction factor respectively for the supercritical CO; turbulent flow application through the concentric
annulus.

Keywords: supercritical CO., annulus turbulent flow, pressure gradient, friction factor, comparison.
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1. INTRODUCTION

Supercritical CO fluid has already been engaged in many applications such as the chemical industry, food industry,
piping, heat exchange device, and turbo-machinery, and especially over the last decade, its application has been growing to
develop power generation technologies [1]-[2]. The annulus flow is of great interest in those applications for component
design and optimization [3].

The analysis of flow characteristics through the annulus has been conducted in earlier studies. A stationary cylinder’s
wall shear stress and annulus flow distribution at different Reynolds numbers for water have been studied. The wall shear
stress and the gap flow velocity increased as the Reynolds number increased. There are differences in the axial and
circumferential wall shear stress along the length [4]. The turbulent flow characteristics through the concentric annulus
using direct numerical simulation have been studied. The results are compared for the different radius ratios at a fixed
Reynolds number. The flow structures near the inner and outer walls have been investigated both physically and spectrally.
The Reynolds shear stress has been conducted to understand the interaction among the boundary layer. The dynamics of
Taylor vortices are also investigated [5].

The gas-liquid slug flow in a horizontal concentric annulus has been conducted and compared the simulation and
experimental results. The pressure data has a strong dependence on mesh quality compared to slug frequency analysis [6].
The CFD study of the single-phase non-Newtonian power-law fluid flows through the horizontal rotating annulus has been
conducted. The annulus radial clearance is 9.5 mm and the inner cylinder rotation is 400 rpm. The influence of the inner
cylinder rotation on the pressure, flow behavior, and diameter ratio was investigated. The increasing inner cylinder rotation
causes a negligible effect on the turbulent flow [7]. A CFD study of single-phase Newtonian fluid (water) flows through the
horizontal rotating annulus has been conducted. The annulus radial clearance is 25 mm and the inner cylinder rotation is
150 rpm. The effect of pressure-velocity characteristics, the effect of the rotational speed, and the fluid concentration on the
drilling application have been investigated [8].

The entrance region flow characteristics with Herschel-Bulkley fluids have been carried out for the rotating concentric
annulus. The velocity distribution and pressure variation were obtained using finite difference analysis. The asymmetry
characteristics found in the entrance region gradually reduced as the flow developed. The smaller the aspect ratio gives
more stable flow characteristics [9]. The high Reynolds number turbulent velocity in a rotating Taylor Couette flow using
image velocimetry has been measured. The effect of Reynolds number and viscosity on turbulent flow characteristics was
investigated. The Reynolds stress components and dissipation rate were found to peak near the inner wall. At low viscosity,
instantaneous vorticity fields were dominated, and at high viscosity, randomly distributed structures were generated [10].
The multi-phase (solid-liquid) non-Newtonian fluid flows through the vertical and inclined rotating annulus have been
experimentally studied. The annulus radial clearance is 7 mm and the inner cylinder rotation is 600 rpm. The effect of
inclination, rotation, flow velocity, and pressure was measured, and found that the increase in the particle feed concentration
causes the increase in the pressure due to friction between the wall and the solids [11].

The radial distribution of the axial and tangential velocities together with friction factors as a function of the Reynolds
number for two liquid fluids for the radius ratio of 0.50 has been presented. The friction factor increased by increasing inner
body rotation. In turbulent flow, the axial velocity fluctuation decreases with increasing Reynolds number. At low
Reynolds numbers and inner body rotation, the Taylor vortices produce complex flow patterns [12]. The Newtonian and
non-Newtonian fluid flows through the concentric rotating annulus have been conducted. The annulus radial clearance is 10
mm and the inner cylinder rotation is 350 rpm. The effect of inner cylinder rotation on drag coefficient, axial velocity, and
swirl profile has been investigated. The drag coefficient and axial velocity with and without rotation were found to be
similar. The intensity of turbulent quantities is enhanced by the rotation particularly close to the inner wall. The effect of
rotation with non-Newtonian fluid is similar to that of the Newtonian fluid but smaller in magnitude [13].

Most of the studies above investigated the pressure characteristics, velocity profile, wall shear, the effect of inner
cylinder rotation, and the comparison of CFD results with the available literature. The studies were conducted for relatively
greater clearance using single-phase and multiphase fluid flows. The fundamental study of supercritical CO- annulus flow
has not been documented yet in the available literature. In this regard, the supercritical CO- turbulent flow analysis through
the concentric annulus has been conducted in this study to fill up the knowledge gap on supercritical CO; fluid. The
problem geometry and parameters have been adopted from the recent development of supercritical CO, power turbine
configuration addressed in the literature [14]. The objective of this study is to investigate and document the turbulent flow
behavior (pressure gradient and friction factor) of the supercritical CO; fluid for an annulus geometry. The effect of inlet
temperature, operating pressure, clearance ratio, mass flow rate, and shaft rotational speed are investigated.

2. METHOD
The problem geometry, governing equation, boundary condition, and parameters are described in this section.
2.1 Problem Geometry

The horizontal annular geometry consisting of an inner shaft diameter of 76 mm, stationary outer wall
thickness of 3 mm, and length of 152 mm (2D) formed a concentric layout [14]. The radial clearance is 1 mm.
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The supercritical CO; enters the annulus at Z = 0 with axial uniform velocity (u = 0.15-1.0 m/s). The z-axis has
been considered along the axial direction, and the x-axis along the radial direction is shown in Figure 1.
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Figure 1. Schematic of The Problem Geometry

The National Institute of Standards and Technology (NIST) real gas properties for the supercritical CO, are used for
the computation. The NIST real gas model has been activated by typing the text command at the Fluent console command
prompt screen during the simulation and selecting the material. The NIST database employed the Helmholtz-energy
equation of state for the computation.

2.2 Governing Equation

In this study, the Ansys fluent is employed for the simulation. The Ansys fluent solves the conservation equation of
mass and momentum for the flow problems. The basic form of the mass conservation equation is as follows:

L+v(pi) =0 M

The model considers fluid density, denoted as p, and fluid velocity vectors, represented as u . These velocity vectors
include components in the radial, axial, and tangential directions. Both parameters play a crucial role in defining
the governing equations of fluid flow within the annular region, ensuring an accurate representation of
momentum conservation and boundary conditions. The momentum conservation equation is as follows:

g(PJ)JrV-(pJJ)=—Vp+V.(;)+pa+E @

The model incorporates several key parameters: p represents the static pressure, z denotes the stress tensor, pg accounts for
the gravitational body force, and F signifies the external body force. These factors collectively influence the fluid dynamics,
governing the behavior of pressure distribution, stress interactions, and external influences within the system.

2.3 Boundary Conditions and Parameters

The boundary conditions for the model are defined as follows: At the annulus inlet (Z = 0), the velocity profile is
uniform, expressed as u(r) = ui, for R < r < Ro. At the annulus outlet (Z = L), the pressure is set to zero, denoted
as P =0 for R < r < Rq. The rotation boundary condition includes the absolute rotational velocity of the shaft,
where the tangential velocity at the shaft surface is given by vs(R) = @R, with o representing the angular velocity
of the shaft. A no-slip condition is applied at the shaft surface, ensuring u(R) = 0 and ve(R) = ® R. Additionally,
system coupling is maintained at the interface between the shaft and the fluid, ensuring velocity and shear stress
continuity. Gravity is neglected in this model, with g = 0. The conditions at the outer boundary (r = R) may
depend on whether the wall is stationary or allows slip, where R and Ro are the shaft and outer wall radii,
respectively.

The Reynolds number can be computed by the following expression [15]-[16].

pubDy
U

Re, =

a
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Re, = PORC 3)
y7]
where Re, and Re,, are the axial and rotational Reynolds numbers respectively, p is the fluid density, u is the axial velocity,

w is the rotational velocity, Dy is the hydraulic diameter (D= 2 C), W is the dynamic viscosity of the fluid and C is the
radial clearance. The friction factor in the stationary annulus (w = 0) can be computed by the following expression [15]:

f =4_sz(d_P) (4)
pu L

where dP is the pressure drop in the annulus, L is the annulus length, and f is the friction factor in the annulus. The friction
factor in the rotating annulus (o # 0) can be computed by the following expression [17]:

f =0.26(Re,) " x{1+(1)2 [&] } | (Re, > 10%) (5)
8/ | 2Re,

2.4 Computational Mesh

The Ansys workbench is employed to generate the computational mesh for the problem geometry shown in Figure 2.
The hexahedral mesh element and the multi-zone mesh method are adopted to improve the mesh quality and better
decomposition of the geometry. The inflation layer is added near the walls with a growth rate factor of 1.1 to ensure the
accurate prediction of the near-wall parameters. The mesh-independent study is carried out to obtain the optimum number
of mesh elements for the numerical solution.

Outer wall
Annulus

Ol

a

Figure 2. Computational Mesh Geometry

This study concerns the axial parameters and hence the variation of the axial pressure gradient for different axial
divisions and mesh elements is shown in Table 1. It is seen that the axial pressure gradient remains unchanged as the
number of axial divisions reaches 300. Hence, the number of axial divisions is 300 with a circumferential division is 160
and a radial division is 50, which satisfies the required mesh quality. The average orthogonality and skewness of the mesh
are investigated and found to be 0.9951 and 0.0387 respectively which is in good agreement with the Ansys theory guide
and the available literature [18]-[19].

Table 1. Mesh independent study (40°C and 9 MPa, Rea= 104, ® =0, C = 1mm, k-® model)

Number of axial Number of cells Axial pressure
division elements gradient (Pa/m)

150 16,14,900 577.3

200 21,53,200 576.5

250 26,91,500 576.1

300 32,29,800 575.9

350 37,68,100 575.9
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2.5 Turbulent Model and Simulation Setup

The pressure characteristics with different CFD turbulent models for the non-Newtonian fluid flow through the
annulus geometry have been conducted in the literature [20]. They compared the CFD results with the experimental results

shown in Figure 3 (a). The comparative analysis in Figure 3 (a) shows that the k-omega model provides accurate results for
the flow through the concentric annulus.
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Figure 3. Comparison of The Turbulent Model; Wall y + <5, © =0 (a) Andrew And Salim, 2020 [20], C =6.7 mm
(b) Present Study, C=1mm

The present work investigated the turbulent intensity through the annulus shown in Figure 3 (b) to check the relative
performance of the turbulent models for the supercritical CO; fluid. Figure 3 (b) shows the average turbulent intensity for
different turbulent models. It is seen that the k-omega SST turbulence model gives lower intensity (2.19%) compared to the
other turbulent models. It was reported that the model which gives higher turbulent intensity is called the worst-performing
model while lower intensity corresponds to the most accurate model [20]. The difference in results among the models is
due to the prediction of turbulent Kinetic energy. The RSM model predicted the higher turbulent kinetic energy and thus
higher turbulent velocity fluctuation gives higher turbulent intensity. Hence, the k-omega SST turbulence model can be
considered the most accurate model for the supercritical CO, annulus flow and adopted in this study for further analysis.

The k-omega SST turbulent model and pressure-based steady-state solver have been employed to attain the numerical
simulation. The simple procedure is introduced in the pressure-velocity coupling. The second-order upwind scheme is used
to reduce the numerical error. The residual values of 10-4 are used as the convergence criteria during the simulation.

2.6 Validation of the CFD Model

The pressure gradient predicted by the CFD is compared with the pressure gradient obtained by the Darcy Weisbach
equation [21] and the corresponding friction factor is compared with the friction factor read from the moody diagram to
validate the CFD model. In addition, the CFD result is compared with the experimental results for a given condition. Figure
4 shows that the pressure predicted by CFD at different bulk temperatures and operating pressure are in very good
agreement with the values calculated by the Darcy Weisbach equation at the same condition (0 = 0, mass flow = 0.0253
kg/s, C = 1 mm). Moreover as shown in Figure 5, the Darcy Weisbach friction factor is in good agreement with the friction
factor read from the Moody diagram. The CFD result is further compared with the experimental results [22] shown in
Figure 6. In the experiment, the supercritical CO. fluid flows through the test section tube with pressure and flow rates were
8 MPa and 0.8 kg/min respectively. The temperature of CO; at the inlet and outlet of the test section is measured using the
k-type thermocouple probe. The wall temperature is measured using a T-type thermocouple. The mass flow rate of the CO,
is measured using a micro-motion mass flow meter. Assuming the annulus passage in this study is like a tube. The same
condition is employed in the present geometry and the comparison of the predicted results shows that the CFD computed
pressure drop has a good agreement with the experimental results.

Hence the Darcy Weishach equation and Moody diagram can be employed to determine the pressure and friction
parameters for the supercritical CO, annulus turbulent flow application. Also, the CFD simulation model can be considered
reliable for further documentation. The sample velocity streamlines for the problem geometry are shown in Figure 7. It is
seen that the streamline is straight with no rotation and the line becomes curved under rotation which is expected.
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Figure 7. Velocity Streamlines for The Problem Geometry, C = 1mm, m =0.0253 kg/s (a) Q=0 (b) @ =1,000
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4. RESULTS AND DISCUSSION

The pressure gradient and friction factor predicted by CFD at different conditions are investigated and presented in
this section.

4.1 Pressure Gradient Characteristics

Figure 8 shows the axial pressure gradient characteristics as a function of the temperature ratio (inlet temperature to
critical temperature, Ti/Tc). It is seen that the pressure gradient increases non-linearly until the temperature ratio < 1.10 and
then increases almost linearly and more distinctly with the increasing temperature. The non-linear behavior of the pressure
gradient near the critical condition is predicted and this is because the higher density of the fluid provides more resistance to
change. The kinetic energy increases with increasing temperature for the same flow rate which causes more collisions of its
molecules with the walls resulting in a greater force on the walls and a pressure gradient increase. In Figure. 8 (a), it is seen
that the smaller the clearance ratio greater the pressure gradient. The effect of clearance is lower at a low temperature and

becomes higher at a high temperature. The lower the operating pressure the higher the pressure gradient. The effect of
operating pressure at near-critical conditions is found insignificant.
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Figure 8. Pressure Gradient as a Function of The Temperature Ratio (a) Effect of Clearance Ratio; Q@ =0, m =
0.0253 kg/s (b) Effect of Mass Flow Rate; Q =0, C/R = 0.026 (c) Effect of Shaft Rotational Speed; m = 0.0253 kg/s,
C/R =0.026.

This is because the vapor condenses to liquid as the pressure increases in the sub-critical region and the changes in
pressure have very little effect on the liquid. In Figure 8 (b), the pressure gradient increases with increasing mass flow rate.
This is expected as the more mass flow rate means greater force exerted by the molecules and gives a greater pressure
gradient. In Figure 8 (c), the pressure gradient increases with increasing shaft rotational speed. At low operating pressure,
the pressure gradient is dominated by the rotating effect and changes are relatively steeper as the temperature ratio changes.
At high operating pressure and low temperature, the pressure gradient is less dominated by the rotating effect due to the
high density of the fluid. However, the rotating effect is observed at a higher temperature ratio (Ti/T; > 1.10).

4.2 Friction Factor Characteristics

Figure 9 shows the Darcy friction factor characteristics as a function of the temperature ratio. It is seen that at a low
temperature, the predicted friction factor is higher and decreases as the temperature increases. This is because the high-
density fluid at a low temperature has a greater mass as well as greater force on the surface which results in higher friction.
In Figure 9 (a), the effect of clearance is insignificant on the friction factor. The higher the operating pressure greater the
friction factor. The higher and lower friction factors found are 0.042 and 0.031 respectively for the 14 MPa and 0.039 and
0.029 for the 9 MPa. In Figure 9 (b), the effect of mass flow rate on the friction factor is significant.
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The higher the mass flow rate, lower the friction factor. This is because the higher the mass flow rate higher the fluid
velocity which results in a lower friction factor. The higher friction factors found are 0.039 and 0.034 for the mass flow rate
of 0.0253 kg/s and 0.0353 kg/s respectively at 9 MPa and 0.042 and 0.038 at 14 MPa. The lower friction factors found are
similar. In Figure 9 (c), the effect of shaft rotational speed is also significant. The higher the rotational speed, the higher the
friction factor. This is expected as the increase in the rotational speed leads to an increase in the radial effect on the flowing
fluid and friction increase. It is seen that a 2 times increase in the rotational speed leads to a 1.5 times increase in the friction
factor. At a low temperature, the distinction of the effect is significant whereas the effect is less significant at a high
temperature.

5. CONCLUSIONS

The axial pressure gradient and friction factor characteristics of supercritical CO, turbulent flow through the
concentric annulus have been investigated using the computational fluid dynamics (CFD) software package FLUENT. The
effect of supercritical conditions (temperature and operating pressure) on the pressure gradient and friction factor has been
studied. The effect of annulus clearance, mass flow rate, and shaft rotational speed has also been studied. The results
obtained by CFD are compared with the results computed by the experiment. The following conclusion can be drawn:

1. The behavior of the pressure gradient near the critical condition is non-linear. The effect of operating pressure at near-
critical conditions is found insignificant whereas a significant effect is predicted at a higher temperature.

2. The effect of the clearance ratio near the critical condition is insignificant. The pressure gradient is less dominated by
the rotating effect at high operating pressure and low temperature.

3. The effect of operating pressure, mass flow rate, and shaft rotational speed on the friction factor are significant but the

effect of clearance is insignificant.

The maximum and minimum pressure gradients found are 1,307 Pa/m and 100 Pa/m respectively for a given condition.

The maximum and minimum friction factors found are 0.042 and 0.029 respectively for a given condition. Two times

increase in the rotational speed results in one and half times increase in the friction factor.

6. The friction factor predicted using the Darcy Weisbach equation agrees well with the friction factor read from the
Moody diagram. So the Darcy Weishach equation and Moody diagram can be used to predict the pressure and friction
factor respectively for the supercritical CO; turbulent flow through the concentric annulus.

Currently, the fundamental analysis of supercritical CO, turbulent flow through the annulus geometry has not been
studied. Hence, the study conducted in this paper will be very important for designing turbo-machinery components or
another kind of high rotational speed apparatus with supercritical CO; fluid.
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