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Effect of elevated pressure on gas-solid fl ow properties in a powder feeding 
system
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In view of the powder feeding system, a multi-physical coupling model of the gas-powder-piston was established 
based on the Euler-Euler two-fl uid model. The numerical simulation method was applied to explore the effects 
of dense gas-solid fl ow characteristics under different operating pressures. The results show that gas-solid pulsa-
tions at different operating pressures are mainly concentrated in the upper part of the powder tank. An elevated 
operating pressure effi ciently decreases the powder layer area (p = 0.1) fl uctuation. As the operating pressure 
increases from 0.5 MPa to 3.0 MPa, the rising time and fl uctuation rate of pressure are reduced by 71.4% and 
62.3%, respectively, and the pressure in the tank has a long stabilization period. Meanwhile, the variation of the 
instantaneous powder fl ow rate is more stable and its average value is closer to the theoretical. A high-pressure 
environment is more conducive to the stable transportation of powder. 
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INTRODUCTION

 With the continuous development of near-Earth and 
deep space exploration technology, a new concept po-
wder engine that uses high-energy metal powder as fuel 
has gradually emerged1, 2. Due to the special characte-
ristics of powder fuel, it can realize fl exible regulation 
of fuel fl ow rate and make the engine with multi-pulse 
start-stop and thrust adjustment functions. In addition, 
by matching different types of fuels with oxidizers, or 
using a combination with conventional engines, a variety 
of powder engine types have been developed, such as 
powder-fueled ramjet engines3, 4, Al/AP powder rocket 
engines5 and Mg/CO2 powder engines6, 7, and powder-
-fueled water ramjet engines8, 9.

The process of powder fl uidization and conveying in 
the powder supply system can be achieved with the help 
of a corresponding carrier. Powder fl uidization technol-
ogy based on this property has been widely used in the 
chemical industry and other fi elds10, 11, but it cannot be 
directly applied in powder supply systems. The reason 
is that the effect of powder fl uidization on engine com-
bustion performance needs to be considered. Therefore, 
how to better solve the application of powder fl uidization 
technology in powder engines is still a key and diffi cult 
problem that needs to be solved urgently. In the early 
stages, Frick et al.12 designed an industrial fl uidized 
bed-type powder fuel supply device and conducted an 
experimental study on the conveying performance of the 
device. Based on this, Meyer et al13 improved the powder 
fuel supply device by connecting the inlet pipe of fl uidized 
gas to the piston end orifi ce to distribute the fl uidized 
gas uniformly and prevent powder backfl ow. Due to the 
complexity of the powder supply system structure, Foote 
et al.14 modifi ed it to a Positive Displacement Fluidized 
Bed (PDFB) supply system, which can move the piston 
during the powder supply process more smoothly. With 
the continuous development of powder supply technol-
ogy, Miller et al.15 further improved the powder supply 
device by conveying the gas to the powder bed through 

a hose, which can better regulate the pressure in the 
powder storage tank. 

The powder conveying process and fl uidization charac-
teristics are easily affected by the changes in operating 
pressure, piston velocity, and some properties of gases 
and powders themselves. In fact, there will be a gradual 
buildup of pressure in the powder storage tank when the 
powder engine is in fi ring condition. Hence, in order to 
ensure the powder fuel can be taken into the combus-
tor, the pressure of the powder storage tank must be 
higher than that of the combustor, indicating the powder 
fuel transport process is under a high-pressure state. 
At this time, the fl uidization process and the conveying 
process of powder under a high-pressure environment 
have greater uncertainty. Therefore, it’s necessary to 
study the gas-solid two-phase fl ow characteristics under 
a high-pressure environment. Cai et al.16 studied the 
fl ow characteristics of dense-phase pneumatic conveying 
under high pressure and analyzed the effects of fl uidi-
zation number and particle size on the stability of the 
discharge.  Song et al.17 studied the effects of pressure 
increases on gas-solid fl uidized beds, and the results 
showed that the increase in pressure can increase the 
minimum fl uidization velocity of powder and change 
the bubble behavior. Liu et al.18 studied the effects 
of pressure increase on the gas-solid fl ow behavior of 
a circulating fl uidized bed, and the results showed that 
with the increase of operating pressure, the gas-solid slip 
velocity decreased and the powder volume fraction at the 
center of the lifting tube was larger. Shabanian et al.19 
explored the effect of pressure on the fl uid dynamics of 
a gas-solid fl uidized bed and believed that an increase 
in operating pressure could either increase the degree 
of charge in the bed by accelerating gas adsorption. 
Sun et al.20, 21 carried out experimental and numerical 
research on powder fl uidization characteristics under 
high-pressure environments and further studied the 
pneumatic starting characteristics of powder fuel under 
high-pressure environments. The results show that un-
der a high-pressure environment, the powder can form 
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of the convergence section. The horizontal pipeline is 
connected to the front end of the convergence section 
with a 17 mm length. A two-phase nozzle with a throat 
diameter of 3 mm is arranged at the horizontal pipeline 
to prevent the gravity settlement of powder. Besides, the 
piston is simplifi ed as a moving wall in this study, which 
is installed at the rear end of the cylinder section. The 
detailed parameters are shown in Figure 1.

a stable gas-solid interface, which provides a reference 
for the stable delivery of the powder.

There is an extremely complex powder fl uidization 
transport process that exists in piston-driving powder 
supply devices under high-pressure environments, invo-
lving the mutual coupling effect of gas-powder-piston. 
Although there have been many relevant experimental 
reports22, 23, they are greatly restrictive in revealing the 
details of gas-solid fl ow and the interaction mechanism. 
The present work, based on relevant experiments and 
numerical simulation methods, is dedicated to investi-
gating the effects of different initial operating pressure 
environments on the fl ow behavior of dense gas-solid 
two-phase fl ows (e.g. the powder fl uidization process, 
the spatial distribution of the powder layer, the variation 
in powder velocity, the pressure in the powder storage 
tank, and the variation of the powder mass fl ow rate). It 
has signifi cant practical meaning for the optimal design 
of the powder fuel supply system.

GEOMETRIC MODELS AND NUMERICAL SIMU-
LATION SETUP

Powder storage tank geometry model
Figure 1 shows the confi guration and dimensions of 

the powder storage tank. The powder storage tank in 
the fi gure is placed horizontally and is mainly composed 
of three parts: the cylinder section, the convergence 
section, and the horizontal pipeline. The cylinder section 
has a diameter of 60 mm and a length of 150 mm. The 
convergence section is connected to the front end of 
the cylinder section with a 45o convergence angle and 
a 27 mm length, in which an annular slit intake with 
a width of 1.41 mm is arranged at the center position 

Figure 1. Powder storage tank confi guration

Table 1. Two-fl uid model equations

Two-Fluid Model

Governing equations of two-fl uid model
The two-fl uid model (TFM) regards the continuous and 

discrete phases in space as a continuous medium that 
can permeate each other, and this method is also called 
the Euler-Euler method24–27. They are described in the 
Eulerian coordinate system using the mass, momentum, 
and energy conservation equations for the macroscopic 
continuum fl uid. The detailed governing equations are 
presented in Table 1.
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Kinetic theory of granular fl ow
Much of the research on gas-solid two-phase fl ow has 

employed the kinetic theory of granular fl ow (KTGF), which 
was established in recent years, to close the solid phase for-
ce25. The theoretical idea originates from molecular kinetic 
theory28, which has been widely applied, and the related 
model derivation can be referred to relevant studies29–31. 
The primary model equations are expressed in Table 2.

Interphase interaction
The drag force is the most important parameter, which 

is usually used to describe the gas-solid interphase inte-
raction. And its magnitude is affected by many factors, 
including the shape of the particles and the form of 
their existence32–34. Therefore, it is necessary to choose 
an appropriate drag force model to make the model pre-
diction more accurate. The classical Gidaspow model29 is 
selected to describe the gas-solid interphase interaction. 
The detailed equations are presented in Table 3.

Numerical simulations
The TFM and KTGF are chosen for the simulation of 

the dense gas-solid two-phase fl ow and the closure of the 
solid phase in the conservation equation25 respectively. 
The RNG k-ε turbulence model and the PC-SIMPLE 
(Phase Coupled SIMPLE) algorithm are used for the 
description of the gas phase and solve the pressure-
velocity coupled problem respectively. The second-order 
upwind scheme is applied to all other governing equa-
tions. A transient pressure-based solver is chosen to track 
fl ow rate changes over time with a time step of 0.0005 s.

The initial powder bed in the range of X-axial [0, 
0.177 m], Y-axial [–0.03 m, 0.03 m], and Z-axial [–0.03 m, 
0.03 m] is used in all simulation cases. Mass fl ow rate 
and pressure boundary conditions are applied to the 
gas inlet and two-phase outlet respectively. The wall is 
defi ned with a no-slip boundary condition, and piston 
motion is achieved by using a User Defi ned Function 
(UDF) code. Air and aluminum are used as the fl uidized 

Table 2. KTGF model equations
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gas and powder fuel, and the gas intake mass fl ow rate 
is given as a percentage of the theoretical value obta-
ined by piston velocity back-calculation. The equation 
is presented below.

 (22)

where  is the theoretical powder mass fl ow rate, 
ρpacking is the initial powder packing density, vpiston is the 
piston (moving wall) velocity, Apiston is the piston (moving 
wall) area, ρp is the powder density, and ε is the initial 
powder packing volume fraction.

The different numerical simulation cases and specifi c 
operating conditions are shown in Tables 4 and 5. 

Grid independency
The ICEM software is employed to generate structured 

hexahedral meshes of the powder storage tank, and the 
meshing results are shown in Figure 2. To verify the grid 
independence, four grids with 0.10, 0.35, 0.60, and 0.80 
million cells each are employed. Figure 3 shows the ef-

fects of four different grid cells on the axial velocity and 
volume fraction of the powder at  X = 0.140 m. It can 
be seen that there is a small overall difference between 
0.35, 0.60, and 0.80 million cells, while 0.10 million cells 
have a large difference compared with other grids. As 
a result, the grid consisting of 0.35 million cells is chosen 
to shorten the calculation time.

Figure 2. Structured hexahedral meshes of the powder storage 
tank

Figure 3. Grid independency test: (a) Mean powder axial ve-
locity; (b) Powder volume fraction

Table 5. Operation conditions

Table 4. Case relevance with parameter testing

Table 3. Gidaspow model equations
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RESULTS AND DISCUSSION

Verifi cation of numerical model
To verify the accuracy of the numerical models used in 

this study,  the results of the current numerical simulation 
data are compared with experiments20.  The experimental 
apparatus used in Ref.20 is mainly composed of a gas 
cylinder, a powder chamber, a pneumatic ball valve, 
a control computer, and a powder collector. Before the 
experiment, put the pre-weighted powder into the powder 
chamber, and then fi ll it with fl uidized gas till it reaches 
a certain pressure. After that, open the pneumatic ball 
valve. The gas-solid fl ow will cause a pressure drop in 
the powder chamber, so the pressure drop at a certain 
experiment time is chosen as the parameter for nume-
rical model verifi cation. That is called the pressure drop 
rate. The pressure drop rate is defi ned as the difference 
between the initial fl uidized pressure and the pressure 
at a stable stage within a fi xed time interval, and the 
expression is as follows:

 (23)

where P0 is the initial total pressure/MPa, P1 is the pres-
sure at the end/MPa, Δt is the time interval.

The relative errors (ERR) equation is expressed by 
the following Eq. (24):

 (24)

where Ps is the numerical simulation data, Pe is the 
experimental data.

Table 6 gives the comparison of numerical simulation 
and experimental data. It can be seen that the relative 
error of Test 1 is greater than 12%, while other tests fl uc-
tuate below 12%. But, in general, the simulation results 
are in good agreement with the experiments, which meet 
the calculation requirements. The data comparison results 
show that the two-fl uid model can be used effi ciently to 
study the effects of different operating pressures on the 
fl uidization and conveying characteristics of powders.

Powder fl uidization process
Figure 4 shows the powder concentration distribution 

on the central section  (Z = 0 m) of the powder storage 
tank at different moments. At t = 0.01 s (see Fig. 4(a)), 
the gas and powder phases under different cases show 
a symmetrical distribution. The gas exists in the form of 
bubbles in the powder bed in the convergence section, 
and its distribution size increases with the increase in 
operating pressure. At this time, the powders are picked 
up and transported out of the tank under the entrainment 
action of fl uidized gas.  At t = 0.10 s (see Fig. 4(b)), the 
symmetrical distribution phenomenon of gas and solid 

phases disappears. There is a phenomenon now that the 
gas cavity range in the upper part of the powder storage 
tank is larger than the lower. Meanwhile, the bubble size 
in the upper part of the powder storage tank decreases 
with increasing operating pressure. In Case 1, the powder 
is lifted near  X = 0.160 m and the gas-solid interface is 
signifi cantly disturbed, while the phenomenon gradually 
disappears with the increase of operating pressure. On 
the one hand, the explanation is that the decreasing 
operating pressure causes an increase in the gas velo-
city, which results in the effect of the entrainment and 
interference on the solid phase being obvious. On the 
other hand, the gas phase interacts with the solid phase 
and the wall to form a refl ux vortex, which rolls up the 
powder, resulting in the powder being lifted up, which 
is not conducive to the formation of a stable gas-solid 
interface.

As shown in Figure 4(c) at t = 0.30 s, the bubbles for 
all cases in the upper part of the convergence section 
further expand toward the moving wall,  and the bubble 
range decreases with the increase of operating pressure. 
Although the bubble distribution range in the lower part 
of the convergence section is small, the stability of the 
formed gas-solid interface is higher than in the upper 
part. This phenomenon can be explained by the fact that 
the powder will be deposited near the bottom of the 
cylinder and convergence section under the combined 
action of the piston thrust and powder gravity. The gas 
phase action zone in the lower part of the convergence 
section is squeezed, while the upper part leaves a large 
cavity. At this time, the gas phase effect in the lower part 
of the convergence section is weaker than the powder 
self-weight, resulting in the gas phase area being reduced. 
However, it will form a relatively stable gas-solid interface 
when the gas force and the powder self-weight make 
a dynamic balance. In addition, it can also be seen that 
the powder low concentration area in all cases appears 
in the upper part of the cylinder section, and its distri-
bution area decreases with increasing operating pressure. 
On the one hand, the gas phase velocity and operating 
pressure are inversely proportional. When the operating 
pressure is low and the initial gas kinetic energy is high, 
the ability of entrainment and pick up on the powder 
is enhanced, the momentum transfer between the gas 
and the solid phases increases, and the movement of the 
powder is highly susceptible to the effect of the gas. On 
the other hand, when the amount of powder pushed by 
the moving wall is less than the powder output, the void 
is not fi lled in time and the powder low concentration 
area will also appear.

At t = 0.80 s (see Fig. 4(d)), the gas phase in different 
cases expands further and almost fi lls the upper part 
of the powder storage tank. And the range of the gas 
cavity shrinks with the increase in operating pressure. In 

Table 6. Numerical model validation
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addition, a region of lower powder concentration appears 
near the moving wall at higher operating pressure con-
ditions, which is most obvious in Cases 4–6. The reason 
is that the amount of powder pushed by the piston and 
the amount of powder output by the gas entrainment 
do not reach a good match relationship, resulting in the 
occurrence of the phenomenon of powder shortage. At 
t = 1.40 s (see Fig. 4(e)) and t = 2.10 s (see Fig. 4(f)), 
the fl uidization process tends to stabilize, and the gas 
phase has fi lled the upper part of the powder storage 
tank, where there is an obvious distribution boundary 
with the solid phase. At this time, there is a horizontal 
distribution of the gas-solid interface, indicating that the 
amount of powder pushed forward by the moving wall and 
powder output maintain dynamic balance. Furthermore, 
it can be seen that the powder bed height at the higher 

initial operating pressure is also relatively high, which 
is consistent with the results obtained in reference35.

Distribution of the powder layer
From the analysis in the previous section, it is known 

that a relatively stable gas-solid interface or powder layer 
structure can be formed during the powder fl uidiza-
tion process and is accompanied by the appearance of 
a powder stratifi cation phenomenon. In order to study 
the infl uence of different operating pressures on the 
spatial distribution of powder layers, the powder con-
centration εp = 0.1 is defi ned as the powder layer and 
its spatial distribution as shown in Figure 5. As shown,  
at t = 0.01 s (see Fig. 5(a)), the annular powder layer 
formed in all cases is distributed close to the conver-
gence section wall, and its distribution range decreases 

Figure 4. Powder fl uidization process on the central section (Z = 0 m): (a) t = 0.01 s; (b) t = 0.10 s; (c) t = 0.30 s; (d) t = 0.80 s; 
(e) t = 1.40 s; (f) t = 2.10 s
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the combined effect of gravity and drag force, which 
greatly reduces the perturbation capacity of the gas on 
the powder. Overall speaking, in the start-up stage, the 
processes of bubble breakup and coalescence as well 
as the pushing effect of the moving wall have a great 
infl uence on the powder distribution, while the infl uence 
is greatly reduced in the stable stage.

For quantitative analysis of the change process of the 
above powder layer, the standard deviation is chosen to 
describe the fl uctuation degree of the powder layer area, 
and the expressions are as follows:

 (25)

 (26)

 (27)

where  is the mathematical expectation of the powder 
layer area,  is the variance of the powder layer area.

The variation law of the powder layer area for all cases 
with time is given, as shown in Figure 6. It can be seen 
that the variation of powder layer area under different 
operating pressures can be divided into the rising stage 
and the falling stage. In the rising stage, there is a small 
area peak in all cases, and the value decreases with 
increasing operating pressure, which is due to the gas 
having a strong impact on the powder in the start-up 
stage, resulting in changes to the powder layer area. 
Im mediately afterwards, the area reaches a maximum, 
whose value decreases with the increase of operating 
pressure, and the corresponding moment advances with 
increasing operating pressure. In particular, an obvious 
peak phenomenon appears in Case 1, and the value is 
about 58 cm2. In the falling stage, an interesting phe-
nomenon can be found: except for Case 1, the powder 
layer area decreases with increasing operating pressure 
for other cases, which is due to the gas in Case 1 cau-
sing greater entrainment effect on the powder in the 

Figure 5. Spatial distribution of powder layers with different concentrations: (a) t = 0.01 s; (b) t = 0.10 s; (c) t = 0.30 s; (d) t = 0.80 s; 
(e) t = 1.40 s; (f) t = 2.10 s

with the increase of operating pressure. At t = 0.10 s 
(see Fig. 5(b)), the annular powder layer disappears and 
gradually extends to the tail of the powder storage tank, 
and the extension region decreases with the increase 
of operating pressure. In addition, the maximum and 
minimum distribution of the powder layer correspond 
to Case 1 and Case 6 respectively in the radial range, 
indicating that the distribution of the powder is more 
infl uenced by the initial operating pressure. The reason 
is that the high-pressure environment effectively inhibits 
the bubble coalescence35 and makes the entrainment 
ability of the gas to powder weaken.  At t = 0.30 s (see 
Fig. 5(c)), the powder layer continues to extend towards 
the tank’s end, and the extension speed and range de-
crease as the operating pressure increases. Besides, there 
is a downward concave phenomenon in the powder layer 
in the horizontal direction, and the degree of depression 
is smaller at higher initial operating pressure. Combined 
with the powder fl uidization process in Figure 4, the main 
reason is that the powder output volume and the fi lling 
volume did not reach the precise matching relationship, 
which leads to variations in powder concentration and 
makes the powder layer unevenly distributed.

At t = 0.80 s (see Figure 5(d)), the downward concave 
phenomenon of the powder layer in Cases 2–6 disap-
pears, indicating that the gas cavity is fi lled in time by 
the powder pushed forward by the piston. For Case 1, 
only a small change in the powder layer occurs, which is 
mainly attributed to the perturbation effect of the gas. 
What’s more, the powder layer distribution shrinks along 
the radial direction at X = 0.150 m as the operating 
pressure increases. Combined with the powder fl uidiza-
tion process in Figure 4, it shows that the height of the 
powder bed is proportional to the operating pressure, 
which is especially obvious in Case 6. At t = 1.40 s (see 
Fig. 5(e)) and t = 2.10 s (see Fig. 5(f)), the distribution 
of powder layers is smooth, which is hardly affected by 
the variation of initial operating pressure. The main 
reason is that, in the fl uidization stable stage, the powder 
is in a compacted state under gravity and the push of 
moving walls, and the gas kinetic energy cannot resist 
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upper part of the tank, resulting in a disordered curve 
distribution. 

Figure 7 shows the standard deviation distribution 
of the instantaneous powder layer area. It can be seen 
that the maximum and minimum values of the standard 
deviation correspond to Case 1 and Case 6, respectively, 
and their values have decreased by about 42.9%, indica-
ting the powder layer area fl uctuation decreases greatly 
with the increase of operating pressure. The reason is 
that the pressure mainly affects the gas density. When 
the gas phase density increases, it will correspondingly 
increase the powder motion drag and reduce the colli-
sion frequency between powders, thus making it more 
diffi cult for the powder to aggregate and a relatively 
uniform fl ow structure to be formed35, 36. Combined with 
the spatial distribution of the powder layer, the varia-
tion of instantaneous area, and the standard deviation 
distribution, it shows that the powder motion behavior 

is less affected by gas perturbation under high operating 
pressure conditions.

Powder velocity characteristics
Fi gure 8 shows the mean axial velocity of powder under 

all cases at X = 0.150 m on the central section (Z = 0 m). 
It can be seen that there is a signifi cant difference in the 
powder velocity distribution at t = 0.10 s compared with 
other moments. As shown in Figure 8(a), at t = 0.10 s, 
the average velocity distribution of the powder under 
different cases is similar in the middle and lower parts 
of the powder storage tank, all linearly increasing to 
about 0.09 m/s. However, the distance of linear incre-
ase is different. For Case 1, the cutoff position for the 
linear increase is at 0.007 m on the Y-axial, while the 
cutoff position in Case 6 is at 0.018 m on the Y-axial. 
It can be seen that the range of linear increase along 

Figure 6. Variation of powder layer area with time under dif-
ferent cases

Figure 8. Mean axial velocity distribution of powder at different moments: (a) t = 0.10 s; (b) t = 0.80 s; (c) t = 1.40 s; (d) t = 2.10 s

Figure 7. The standard deviation distribution of powder layer 
area
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the positive direction of Y-axial is larger with the incre-
ase of operating pressure. At this moment, the powder 
motion in this region is mainly infl uenced by the piston 
push. Subsequently, the powder velocity under different 
cases will show a sharp increase, accompanied by the 
appearance of velocity peaks, and the value decreases 
with the increase of operating pressure. When the initial 
operating pressure is high, the rising infl ection point of 
velocity and the position of the Y-axial corresponding 
to the peak is closer to the upper part of the powder 
storage tank. Co mbined with the powder fl uidization 
process (see Fig. 4), it can be explained that the violent 
motion behavior of the gas phase in this range leads to 
a large variation in the powder velocity. 

At t = 0.80 s, as shown in Figure 8(b), the mean powder 
velocity distribution changed signifi cantly, but the overall 
value increases slightly. In the range of Y-axial -0.030 m 
to 0.010 m, the velocity distribution of different cases 
remains consistent, fi rst slowly increasing to 0.1 m/s and 
then slowly decreasing. In  the range of Y-axial 0.010 m 
to 0.030 m, the powder velocity in Case 1 increases 
sharply, while in other cases it decreases continuously 
and then increases sharply. It can be explained that 
the entrainment effect of gas on powder in the upper 
wall of the tank and the momentum transfer between 
gas and solid phases are greatly enhanced, resulting in 
the powder velocity rising. Due to the gas in Case 1 
having a higher initial velocity, the powder velocity is 
greater than the rest of the cases. Compared with the 
prior moment, the maximum powder velocity increased 
by about 1.3 times. At  t = 1.40 s (see Fig. 8(c)) and 
t = 2.10 s (see Fig. 8(d)), the mean powder velocity 
distribution is similar to that of Figure 8(b), but the 
values differ slightly. On the one hand, the disturbance 
effect of the gas on the powder in the compacted state 
is changed due to the reduction of the powder amount 
in the tank. On the other hand, the increasing pressure 
in the powder storage tank reduces the entrain kinetic 
energy of the gas, resulting in the momentum exchange 
ability between gas and solid phases being weakened.

Pre ssure characteristics
Th e spatial locations X  = 0.151 m, Y = 0.028 m, 

and Z = 0 m are chosen as the monitoring points for 
pressure in the powder storage tank. Figure 9 illustrates 
the distribution of the pressure-time curve measured at 
the monitoring point in different cases. As can be seen, 
the pressure changes in different cases can be divided 
into three main stages: the rising stage, the stable stage, 
and the falling stage. In the rising stage, the pressure 
rising ratios of Cases 1–6 are 3.14, 1.36, 0.82, 0.57, 0.41, 
and 0.32, respectively, indicating the pressure rising 
amplitude is smaller at higher operating pressure. As 
the operating pressure increases from 0.5 MPa to 3.0 
MPa, the pressure rise time is shortened by 71.4%, thus 
allowing the pressure stability period to be extended. 
In the falling stage, the moving wall moves to near the 
position of the convergence section, which means the 
process of powder fl uidization conveying is coming to 
an end. Meanwhile, the falling infl ection point of each 
case is similar, while the decline rate reduces with the 
increase in operating pressure. The overall distribution 
trend of the pressure curve can be mainly explained by 

the game relationship between gas infl ow and outfl ow. 
Combined with the powder fl uidization process (see 
Fig. (4)), it can be seen that the convergence section is 
almost fi lled with powder in the initial stage of fl uidi-
zation. At this time, the gas is forced to fl ow inside of 
the powder storage tank, only a small amount out of the 
powder storage tank, resulting in the infl ow being greater 
than the outfl ow and the pressure in the powder storage 
tank increasing. Besides, because the gas density at low 
pressure is lower, the gas cavity formed is larger, which 
makes the pressure in the powder storage tank rise faster. 
When the process of powder fl uidization conveying is 
coming to an end, there is a large gas cavity in the upper 
part of the powder storage tank, which means the gas 
phase channel is enlarged in the horizontal pipeline. At 
this time, the contribution made by the gas in the gas-
-solid two-phase fl ow is greater, and the gas outfl ow is 
greater than the infl ow, resulting in the pressure in the 
powder storage tank decreasing. In general, the game 
relationship between gas infl ow and outfl ow under high-
-pressure environments is weaker, resulting in smaller 
pressure changes and long periods of stability. 

Figure 10 presents the standard deviation distribution 
of the pressure under different cases. It can be seen that 
the standard deviation from Case 1 to Case 6 decreases 
signifi cantly, and its value is reduced by about 62.3%. In 
other words, the pressure fl uctuation decreases signifi can-
tly as operating pressure increases. As for a piston-driving 
powder fuel supply system, by elevating the operating 
pressure, a more uniform gas-solid fl ow structure can be 
achieved and a more stable powder fl uidization process 
can be maintained.

M ass fl ow rate characteristics of powder
For the powder feeding system, the output characte-

ristics of the powder mass fl ow rate should be focused 
on. Figure 11 shows the instantaneous powder mass fl ow 
rate distribution for all cases. The phenomenon that 
the fl ow rate fl uctuates with time is consistent with the 
results of powder fl uidization visualization20 and fl ow rate 
measurement21.It can be seen that the powder mass fl ow 
rate in all cases shows a similar distribution law, which 
can be divided into two stages: the rising stage and the 

Figure 9. Pressure distribution in powder storage tank under 
different cases
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stable stage. No matter at which stage, there are large 
fl uctuations in the fl ow curve at low operating pressure 
conditions. The fl uctuations decrease signifi cantly as the 
operating pressure increases, especially in Case 6, where 
the curve appears to be very smooth and can maintain 
the stable output of powder for a long time. When the 
process of powder fl uidization conveying is coming to an 
end, the instantaneous fl ow rates for the different cases 
start to decrease, and the moment corresponding to the 
decreasing infl ection point is delayed with the increase 
of the operating pressure.

Fi gure 12 shows the average powder mass fl ow rate 
in the stable stage compared with the theoretical value 
calculated from Eq. (22). As can be seen, the average 
value shows a small difference in all cases, while the 
value in Case 1 is the largest, indicating that the maxi-

Figure 11. Powder mass fl ow rate distribution: (a) Case 1; (b) Case 2; (c) Case 3; (d) Case 4; (e) Case 5; (f) Case 6

Figure 12. Comparison of the average value and theoretical value 
under diff erent casesFigure 10. The standard deviation distribution of pressure under 

diff erent cases
mum amount of powder is exported at this stage, and 
therefore, the powder mass fl ow rate drops sharply after 
t = 1.85 s. In addition, it can also be seen that the the-
oretical value calculated by Eq. (22) is lower than the 
average value in all cases, and the average error range 
of calculation accuracy is about 9.3%. Figure 13 shows 
the standard deviation of the powder mass fl ow rate 
distribution for all cases. It can be seen that the stan-
dard deviation decreases with the increase of operating 
pressure. Compared with the operating pressure of 0.5 
MPa, the powder mass fl ow rate fl uctuation under 3.0 
MPa is reduced by 37.8%, indicating that the increase 
of operating pressure is benefi cial to reduce the degree 
of powder mass fl ow rate fl uctuation and improve the 
stability of powder fuel delivery. Analysis of compre-
hensive pressure and powder fl ow rate characteristics 
indicates that higher operating pressure can make the 
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system maintain a relatively stable working condition, 
which is more conducive to maintaining the stability of 
powder fl uidization and fl ow rate delivery.

CONCLUSION

In this work, the Eulerian-Eulerian TFM is chosen 
to describe the dense gas-solid two-phase fl ow for the 
piston-driving powder fuel supply system. The effect of 
operating pressure on the powder fl uidization process 
and conveying characteristics is analyzed numerically. 
The main conclusions are as follows.

(1) The gas-solid pulsations at different operating 
pressures are mainly concentrated in the upper part 
of the powder storage tank, where eventually a stable 
gas-solid interface can be formed. As operating pressure 
increases, the powder layer area (εp = 0.1) and fl uctua-
tion amplitude decrease.

(2) As the operating pressure increases from 0.5 MPa 
to 3.0 MPa, the mean powder velocity in the range of Y-
axial 0.012 m to 0.030 m decreases. When the operating 
pressure is 3.0 MPa, the rising time and fl uctuation rate 
of pressure are reduced by 71.4% and 62.3%, respectively, 
and a long stable period exists for the pressure in the 
powder storage tank.

(3) In the stable conveying stage, the average powder 
mass fl ow rate increases with the increase of operating 
pressure, which is all higher than the theoretical value. 
The outlet powder mass fl ow rate fl uctuation under high 
initial operating pressure is substantially decreased, which 
is more conducive to the stable conveying of powder.

NOMENCLATURE   

Symbols
Cd – Drag coeffi cient
ds – Powder diameter (mm)
e – Coeffi cient of restitution for solid collisions 
g – Gravitational acceleration (m/s2) 
g0 – Radial distribution function 
λg – Gas bulk viscosity (pa·s)
I – Stress tensor 

Figure 13. The standard deviation distribution of instantaneous 
mass fl ow rate under diff erent cases

I2D – The second invariant of the deviatoric stress ten-
sor 
P – Pressure (N/m2) 
Ps – Solid pressure (N/m2) 
Rg – Gas constant [J/(mol·K)] 
T – Temperature (K) 
t – Time (s) 
ug – Gas velocity (m/s) 
us – Solid velocity (m/s) 
Res – Reynolds number of the solid 

Greek symbols  
β – Gas-solid momentum exchange coefficient [kg/
(m3s)]  
γΘs – Collisional dissipation of energy [kg/(m3s)]
εg – Gas volume fraction 
εs – Solid volume fraction
εs, max – Maximum packing limit of solid
Θs – Granular temperature (m2/s2)
λs – Solid bulk viscosity (pa·s)
μg – Gas shear viscosity (pa·s)
μs – Solid effective viscosity (pa·s)
μs, col – Solid collision viscosity (pa·s)
μs, fr – Solid frictional viscosity (pa·s)
μs, kin – Solid kinetic viscosity (pa·s)
ρg – Gas density (kg/m3)
ρs – Solid density (kg/m3)
τg – Stress-strain tensor for gas phase (N/m2)
τs – Stress-strain tensor for solid phase (N/m2)
 – Angle of internal friction (°)
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