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Supercritical water fluidized bed is novel reactor for the efficient gasification of 
coal to produce hydrogen. The Euler-Euler and Euler-Lagrange methods can be 
used to simulate the flow behaviors supercritical water fluidized bed. The accuracy 
of the simulated results with the two methods has a great dependence on the drag 
coefficient model, and there is little work focused on the study on particle’s drag 
force in supercritical water. In this work, the drag coefficients of supercritical wa-
ter flow past a single particle and particle cluster. The simulated results show that 
the flow field and drag coefficient of single particle at supercritical condition have 
no difference to that at ambient conditions when the Reynolds number is same. For 
the two-particles model, a simplification of particle cluster, the drag coefficients 
of the two particles are identical at different conditions for the same Reynolds 
number. The variation characteristics with the Reynolds number and particles’ po-
sitions are also same.
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Introduction

In recent years, the supercritical water fluidized bed (SCWFB) has been a novel re-
actor for the efficient gasification of coal to produce hydrogen [1-4]. Constrained by the high 
pressure and temperature, the experimental detail investigation is difficult to carry out [5, 6]. 
Numerical simulated technology provides a convenient access to the insight of the flow be-
haviors inside the SCWFB and the Euler-Euler method and Euler-Lagrange method have been 
widely applied to granular flow simulation [7]. The accuracy of these methods has a great 
dependence on the drag force model, which is a necessary term for describing the momentum 
transfer between the solid and fluid phase.

The flow of viscous fluid past a stationary isolated sphere is considered as a simplified 
and fundamental case for the study of the particle’s drag coefficient. Rouse [8] gave a graphical 
presentation of drag coefficient as a function of Reynolds number, which derived from experi-
mental data. The drag coefficient was also expressed in an analytical form and some empirical 
expressions can present acceptable results for a wide Reynolds number range [9-11]. The drag 
force of particle cluster in the multiphase system has been also studied by many researchers 
through experimental method. Many semi-empirical correlations have been reported in litera-
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ture, such as the Ergun model [12], Wen et al. model [13], Gidaspow model [14], and so on. 
These models have been widely used in the simulation of particle-fluid system.

However, most of the drag coefficient models are derived from the regression of the 
experiment and numerical simulated data in ambient condition, and there has been little at-
tention focused on the study of the supercritical water (SCW) flow past sphere particle. As 
the unique physical property of SCW, this work was aimed to study the flow field and drag 
coefficient of SCW flow past sphere-particle and validate the application of the existing drag 
coefficient models.

Numerical formulation

In this work, the SCW flowed past the sphere-particle for Reynolds number of 10 to 
200. So, a laminar incompressible steady flow model was used:

 u 0∇ =
  (1)
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where u  is the velocity, ρ  – the density, p – the pressure, µ  – the viscosity, and t – the time. 
The drag force and drag coefficient can be calculated:

 d und i nd
s s

F S p Sµ= +∫ ∫


   (3)

 d
2 21 1

2 4

dFC
u Dρ

=
π

 (4)

where n is the unit normal vector of surface, and i


 is the unit vector in the X-direction.

Numerical consideration

As the axisymmetric characteristic of the flow regime, a quarter of the simulated do-
main was taken into adoption. The schematic diagram of the simulated domain was shown 
in fig. 1. To avoid the boundary blockage effect, the size of the flow domain was chosen as  
40D × 20D × 20D corresponded to the X-, Y-, and Z-directions. The D is the particle diameter 
with the value of 0.0002 m. The particle was located in the center of the Y- and Z-direction and 
10D to the left patch. In fig.1, the left and right patches were set as inflow and outflow, respec-
tively. The front and bottom patches were both set as symmetrical boundary. The top and back 

Figure 1. Schematic diagram of the flow domain
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patches were set as slid boundary. The surface of the particle was set as no-slip boundary. In this 
work, as the heat transfer was not taken into account, the properties of the water with certain 
temperature and pressure was calculated based on the IAPWS-IF97 equations and kept constant 
during the flow process.

The flow domain was discreted into meshes through SnappyHexMesh, one mesh gen-
eration utility of OpenFOAM. In this method, the mesh density was controlled by the size of 
the background mesh size and the refinement level of the geometry surface. For the mesh in-
dependence validation, two kinds of uniform cubic background mesh size, 2e–5 m and 1.33e–5 

mm, and three kinds of refinement level, 3, 4, 5, were taken into account. When the Reynolds 
number of inflow was 100 and the simulated condition was 0.1 MPa and 300 K , the simulated 
results were shown in tab. 1.

From tab. 1, it can be seen that the background mesh with the size of 1.33e–5 m and the 
refinement level of 4 is fine enough for the simulation.

Table 1. Results of mesh independence validation
Mesh size 2e–5 m 2e–5 m 1.33e–5 m 1.33e–5 m 1.33e–5 m

Level 3 4 3 4 5
Mesh number 161740 212798 502211 614959 1057989
CD 1.138 1.116 1.104 1.089 1.088

Simulated results

Numerical method validation

To validate the accuracy of the numerical 
method, the water flow past a single particle at 
ambient condition (0.1 MPa and 300 K) was sim-
ulated firstly. The simulated results of the drag co-
efficient were compared to the calculated results 
based on the empirical equations published in  
[9, 15-17]. The comparison was shown in fig. 2. 
In the figure, it can be seen that the simulated re-
sults have the best consistence with the calculated 
results based on Clift model. When the Reynolds 
number is 10, there is the maximum deviation 
between all the results and the deviation between 
the results of simulation and the Clift model is 
1.28%. So, the accuracy and reliability of numer-
ical method was validated.

The SCW water flow past a  
single particle

In the supercritical condition, the water becomes a fluid medium which different from 
both the liquid and gas. Especially near the critical point, the properties of water change dra-
matically. Table 2 shows the simulated drag coefficients of water flow past a single particle 
for different Reynolds number at the pressure 23 MPa, and the temperatures 633.15-693.15 
K, 773.15 K, and 873.15 K. The results were compared to those at 300 K and 0.1 MPa. From 
the table, it can be observed that there is little difference for the same Reynolds number at the 
different operating conditions.

[9]
[15]
[17]
[16]
Simulated

Re

Cd

Figure 2. Comparison of simulated drag 
coefficient to that calculated by empirical 
equations
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Figure 3 illustrates the streamlines around the particle at the pressure 0.1 MPa and the 
temperatures 300 K , 23 MPa, and 773.15 K for the Reynolds number of 25, 50, 100, and 200. 
As can be seen in the figure, the flow field at two different conditions is in good consistence. For 
the Reynolds number of up to 200, the simulated results at the supercritical condition present 
steady axisymmetric flow, which comparing well with the published numerical and experimen-
tal data at ambient conditions [18].

Table 2. Drag coefficient at different conditions
Re 10 25 50 75 100 150 200

23 MPa, 633.15 K 4.0981 2.2705 1.5372 1.2496 1.0890 0.9114 0.8158 
23 MPa, 643.15 K 4.0982 2.2710 1.5372 1.2496 1.0890 0.9114 0.8158 
23 MPa, 653.15 K 4.0981 2.2723 1.5375 1.2496 1.0891 0.9115 0.8158 
23 MPa, 663.15 K 4.0981 2.2725 1.5374 1.2497 1.0890 0.9115 0.8158 
23 MPa, 673.15 K 4.0983 2.2716 1.5374 1.2496 1.0891 0.9115 0.8158 
23 MPa, 683.15 K 4.0981 2.2711 1.5374 1.2496 1.0886 0.9115 0.8158 
23 MPa, 693.15 K 4.0982 2.2707 1.5372 1.2496 1.0890 0.9115 0.8158 
23 MPa, 773.15 K 4.0968 2.2695 1.5371 1.2495 1.0890 0.9115 0.8158 
23 MPa, 873.15 K 4.0980 2.2688 1.5370 1.2495 1.0890 0.9115 0.8158 
0.1 MPa, 300 K 4.0978 2.2713 1.5370 1.2495 1.0890 0.9114 0.8157 

Conclusions can be obtained that for the same Reynolds number 200, the hydrody-
namics of the water flow past at the supercritical condition is same with that at the ambient 
condition and the empirical equations for calculating the drag coefficient of single particle can 
be also applied in supercritical conditions.

The SCW flow past two particles

The drag coefficient of particle cluster is much more complicated than that of single 
particle as the particles’ direct interaction and the influence of the surrounded particles through 
the flow field. In the general simulated study of particle-fluid multiphase system, the particles’ 
interaction is referred to the particles collision, which is depended on the set of the particle’s 

Figure 3. Streamline around the particle: (a) series at 0.1 MPa and 300 K , and (b) series at 23 MPa  
and 773.15 K
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properties. As a result, for the study of the drag coefficients of the SCW flow past particle clus-
ter, we focused on the influence of the surrounded particles to the flow field. For simplification, 
a two-particle model was used to study the influence each other. The flow domain and the mesh 
density for single particle were also used in this part. In the two-particle model, two particles 
were distributed in the line of inflow direction, where the particle has the most influence on the 
each other through the flow field. The front particle was defined as P1, and the other one was 
P2. The distance between two particles was referred to as L. Tables 3, 4, and 5 show the drag 
coefficient of the two particles for different Reynolds numbers at the pressures 0.1 MPa and the 
temperatures 300 K, 23 MPa, and 633.15 K, 23 MPa and 773.15 K, and 23 MPa, when L/D is 
1, 2, 3.

From the tables, it can be seen that the drag coefficients of the two particles decrease 
comparing to that of single particle as the influence of each other, especially for P2. With the 
increase of Reynolds number, the influence on P1’s drag coefficient become weaken, but it is 
opposite for P2. This is because of that P2 located at the rear wake zone of P1, the fluid velocity 
around P2 is small, and P2 reinforce the influence of the recirculation on P1. When Reynolds 
number increases, the enlarged rear wake zone of P1 results in the fluid velocity around P2 
becoming smaller and the influence of P2 on the recirculation getting more reinforcement. It 
can be also observed that, with the value of L/D increasing, the influence of the two particles 
between each other get weaken. By comparing the results at different conditions, it can be ob-

Table 3. Drag coefficients for two particles when L/D = 1
Re 10 25 50 75 100 150 200

0.1 MPa, 
300 K 

P1 3.4302 1.9819 1.3771 1.1368 1.0041 0.8599 0.7839 
P2 1.9795 0.9284 0.5250 0.3674 0.2769 0.1691 0.1039 

23 MPa, 
633.15 K 

P1 3.4303 1.9835 1.3772 1.1371 1.0041 0.8599 0.7840 
P2 1.9806 0.9290 0.5249 0.3672 0.2767 0.1687 0.1039 

23 MPa, 
773.15 K 

P1 3.4304 1.9834 1.3772 1.1371 1.0041 0.8599 0.7838 
P2 1.9805 0.9290 0.5250 0.3674 0.2769 0.1684 0.1031 

Table 4. Drag coefficients for two particles when L/D = 2
Re 10 25 50 75 100 150 200

0.1 MPa, 
300 K 

P1 3.7396 2.1003 1.4242 1.1576 1.0100 0.8513 0.7693
P2 2.4397 1.1991 0.7151 0.5255 0.4163 0.2892 0.2149

23 MPa, 
633.15 K 

P1 3.7400 2.0998 1.4243 1.1576 1.0100 0.8513 0.7693
P2 2.4400 1.1987 0.7151 0.5253 0.4162 0.2891 0.2147

23 MPa, 
773.15 K 

P1 3.4304 2.0999 1.4243 1.1576 1.0100 0.8514 0.7694
P2 2.4398 1.1987 0.7150 0.5252 0.4161 0.2889 0.2141

Table 5. Drag coefficients for two particles when L/D = 3
Re 10 25 50 75 100 150 200

0.1 MPa, 
300 K 

P1 3.9124 2.1870 1.4807 1.2007 1.0427 0.8662 0.7716 
P2 2.7579 1.3826 0.8447 0.6373 0.5213 0.3918 0.3215 

23 MPa, 
633.15 K 

P1 3.9128 2.1866 1.4808 1.2007 1.0428 0.8662 0.7716 
P2 2.7582 1.3822 0.8447 0.6372 0.5213 0.3918 0.3215 

23 MPa,
773.15 K 

P1 3.4304 2.1866 1.4809 1.2007 1.0427 0.8662 0.7717 
P2 2.7582 1.3822 0.8447 0.6372 0.5213 0.3918 0.3213 
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served that, the drag coefficients of the two particles at different conditions have no difference 
when the Reynolds number is same. The variation characteristics with Reynolds number and 
the value of L/D are identical, which imply that the inter-particle influence through the flow 
field are same at the ambient and supercritical conditions. 

So, it can be also concluded that the empirical equations for calculating the drag coef-
ficient of particle cluster are applicable at supercritical conditions.

Conclusions

In this work, it was numerically studied that the drag coefficient of the SCW flow past 
single particle and particle clusterat low Reynolds numbers. A laminar incompressible steady 
flow model was adopted. From the simulated results, conclusions can be generated as follow.

 y For a single particle, the drag coefficient and flow field are same for the same Reynolds 
number and there is no differcence between different conditons. 

 y The emperical equations for calculating the drage cofficient of the single particle can be also 
applicable at supercritical condition. 

 y For the two-particle model, a simplification of the particle cluster, the drag coefficients of 
the two particles have the same value, and the inter-particle influence through the flow field 
is same at the ambient and supercritical conditions. 

 y The empirical equations for calculating the drag coefficients of the particle cluster can be 
also applicable at the supercritical conditions.
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Nomenclature

C – drag coefficient
D – particle diameter, [m]
d – drag, [–]
Fd – drag force, [N]
i


 – unit vector in X-direction, [–]
n  – unit normal vector of surface, [–]
p – pressure, [Pa]
Re – Reynolds number (= ρuD/μ)
S – surface area, [m2]
t – time, [s]

u – module of velocity, [ms–1]
u  – velocity, [ms–1]

Greek symbols

ρ – density, [kgm–3]
μ – viscosity, [m2s–1]

Acronyms

SCW – supercritical water
SCWFB – supercritical water fluidized bed
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