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Aluminum powder is an attractive fuel, especially for micropropulsion, 
due to its wide availability, high volumetric and gravimetric energy 
densities, and environmental friendliness. For safety reasons, the powder 
is preferably stored and supplied to a combustion chamber separately 
from the oxidizer. However, powder supply systems for micropropulsion 
applications are technologically immature. To improve this situation, a 
powder supply system was developed, and the impacts of important 
design factors on the supply characteristics were studied. This included 
operating modes, carrier gas pressures, gas line conductances, and powder 
line lengths. The results showed that, when compared to continuous 
operation, pulsed operation achieved 1) significantly higher powder flow 
rates and 2) significantly higher ratios of powder to carrier gas mass flow 
rates, ϕ. Furthermore, higher carrier gas pressures can increase the powder 
mass flow rates, but this reduces ϕ. The gas line conductance had a lesser 
impact on the powder flow rates than the pressure, but increasing the 
former also increased the powder flow rates without significant impact on 
ϕ. The powder line length had a negative impact on the powder flow rate, 
but no significant impact on ϕ. These results will help the future 
development of micropropulsion systems that use powder fuels.
Keywords:	 pneumatic transfer, pulsed supply system, poor fluidity 
powder, pinch-type valve, micropropulsion system

1. Introduction
Aluminum powder is an attractive fuel due to its high 

availability, high volumetric and gravimetric energy densi-
ties, and environmental friendliness (David and Knoll, 
2017; Foote et al., 2001; Miller et al., 2002; Murohara et 
al., 2024; Risha et al., 2014; Wollmark and Yavor, 2019). 
Due to the possibility of in situ resource utilization (ISRU) 
on the moon, it is particularly interesting as a propellant for 
small spacecraft. For instance, Wollmark and Yavor 
demonstrated a solid rocket motor (SRM) that used nano- 
sized aluminum particles and liquid water as propellants 
(Wollmark and Yavor, 2019), while Risha et al. used nano- 
sized aluminum particles and frozen water (Risha et al., 
2014). These SRMs are promising; however, Nishii and 
Koizumi pointed out that SRMs reduce safety, and the fuel 
and oxidizer ideally should be stored and supplied sepa-

rately (Nishii and Koizumi, 2024). Based on this idea, 
Murohara et al. studied the combustion of micron-sized 
aluminum and water vapor (Murohara et al., 2024). In their 
study, the powder was inserted into the combustion cham-
ber in advance because the employed powder supply sys-
tem was technologically immature.

Powder supply from one place to another (e.g., from a 
storage tank to a reaction tank, from a silo to the back of a 
truck, etc.) is an important technology in various fields 
such as industry, agriculture, and medicine. However, most 
of the powder supply systems cannot be used in space be-
cause they use gravity (Besenhard et al., 2017; Ruiz-Carcel 
et al., 2018). For space applications, a commonly used 
method is pneumatic supply, which uses a carrier gas to 
fluidize and transfer the powder (Li et al., 2021; Miller and 
Herr, 2004; Sun et al., 2016).

Pneumatic supply systems are typically assessed by ei-
ther pressure drop or the ratio of powder to gas mass flow 
rate, ϕ (Morikawa, 1991). Pressure drops are typically in 
the range of 0.1–10 kPa/m (Morikawa, 1991). The pressure 
drop is a critical performance parameter in industrial appli-
cations where transfer distances span several tens or hun-
dreds of meters. In contrast, the transfer distance in 
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micropropulsion systems is much shorter, making the 
pressure drop less significant. Instead, ϕ is the major per-
formance parameter for micropropulsion. Lower values 
mean that larger amounts of gas must be loaded, and so 
maximizing ϕ is crucial to obtain adequate overall system 
performance.

In addition to ϕ, there are three other important factors 
from the viewpoint of combustion: powder mass flow rate 
(hereinafter called powder flow rate), powder velocity, and 
available particle size. The powder flow rate directly im-
pacts combustion because it can be used to adjust the  
oxidizer-fuel mass ratio. For micropropulsion systems, the 
required powder flow rates are lower than  those in indus-
trial applications, specifically, about 1 g/s, because of the 
small combustion chambers used. After ignition, the pow-
der must react as much as possible. Thus, the powder ve-
locity should be low enough to complete the reaction 
within the combustion chamber. Finally, particle sizes be-
low 100 μm are required to achieve short ignition delays 
(Sundaram et al., 2015) and, thereby, maximize thrust. 
However, micron-sized or smaller aluminum powder gen-
erally has poor fluidity. As a result, it is difficult to simulta-
neously meet all requirements described above.

Powder fluidity was categorized by Geldart (1973) into 
different groups. Aluminum powder smaller than 100 μm 
tends to show characteristics of Geldart group C. Because 
cohesive forces are dominant in this type, it is prone to 
form a rat hole, resulting in supply difficulties (Cocco and 
Chew, 2023; Qian et al., 2001). In a study of Geldart group 
C powder, Ogata overcame this difficulty for stable supply 
by injecting a carrier gas from two directions: top and bot-
tom of the powder bed (Ogata, 2019). Also, Xu et al. 
pointed out that introducing a pulsed gas into a powder bed 
contributes to stabilizing the fluidization by breaking up 
agglomeration (Xu et al., 2022). These previous studies 
imply that supply of Geldart group C powders is feasible 
with minor modifications, but there is still a lack of knowl-
edge about the effects of parameters such as carrier gas 
pressure and supply line lengths. These parameters are 
particularly important for designing a practical micropro-
pulsion powder supply system.

The purpose of the present study was to investigate the 
effect of pulsed supply characteristics on the lower limits of 
flow rates for micron-sized aluminum powder. This consti-
tutes a first step in the design of powder supply systems for 
micropropulsion applications, and the technology readi-
ness level is low. As a result, the experiments were carried 
out under 1g0 and not under microgravity conditions. Im-
portant design parameters include carrier gas pressures, gas 
line conductances, and powder line lengths. We developed 
a system that can supply 10 μm-class aluminum powders in 
pulsed operation. Powder flow rates were measured, and 
the ratio ϕ and the powder velocity were estimated.

2. Experimental setup
2.1 Overview

A schematic representation of the experimental setup is 
shown in Fig. 1. The aluminum powder was stored in a 
powder tank and fluidized by the carrier gas, air, which was 
supplied by a compressor. The flow of the air–powder 
mixture was regulated by a powder valve. The discharged 
aluminum powder was collected in a collector tank. Its 
mass change was monitored by a mass scale.

The carrier gas pressure was adjusted to a target value by 
a pressure regulator (Model 10, Fairchild Products). Sys-
tem pressures were measured by three sensors  (P1, P2, and 
P3 in Fig. 1; AP-43, KEYENCE) with a measurement 
range of 0–1,000 kPa and accuracy of ±0.33 kPa (1σ). The 
sensors were located downstream of the pressure regulator 
(P1), as well as upstream (P2) and downstream (P3) of the 
powder tank. The flow conductance of the carrier gas line 
was controlled by a flow regulator (SS-22RS6MM, 
WHITELY). The conductance is a coefficient that relates 
the pressure difference and the mass flow rate of a gas (JIS 
B2005-1, 2004), which is mainly determined by the small-
est cross-sectional area of the flow line. By determining the 
conductance and the upstream and downstream pressure, 
the carrier gas mass flow rate can be regulated. The carrier 
gas mass flow rate (hereinafter called gas flow rate) was 
measured by a flow meter (SFAH-1U, FESTO) with a 
measurement range of 0–19.3 mg/s and accuracy of 
±0.05 mg/s (1σ). The carrier gas supply was regulated by a 
gas valve (VXD230AA, SMC), which was kept open 
during experimental runs.

The carrier gas line had a branch upstream of the powder 
tank. One branch connected to the top and the other con-
nected to the bottom. The carrier gas from both branches 
flowed into the powder tank through sintered metal filters 
with a mesh size of 20 μm (INFICON). In Fig. 2, the ge-
ometry around the lower carrier gas inlet is shown. The left 
picture illustrates the carrier gas supply path, and the path 
on which the carrier gas/metal powder mixture is evacuated 
(white arrow). The right picture shows the physical situa-
tion. Note that the inlet (the sintered metal filter) is an an-
nular surface, and that the carrier gas was supplied to the 
filter through an annular channel. The carrier gas lines had 
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Fig. 1  Schematic of the experimental setup. The symbols P1, P2, and 
P3 represent the pressure sensors.
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inner diameters of 8 mm, and the powder tank had an inner 
diameter of 23 mm and an inner height of 100 mm (cf. 
Table 1). The tank was equipped with a diffuser at the top 
with an inner diameter of 23 mm and a length of 40 mm. 
This two-way supply system was developed based on a 
previous study by Ogata et al. (Ogata and Ariga, 2021), 
who reported that such a setup can discharge Geldart group 
C powder stably without the formation of rat holes.

The tank outlet (marked by the center arrow in Fig. 2(B)) 
had an inner diameter of 4 mm and was connected to the 
powder line. The latter was made of silicon (PUTC4, 
MISUMI) with an inner diameter of 2 mm and a wall thick-
ness of 1 mm. Its shore hardness and Young’s modulus 
were 70 A and 5.2 MPa, respectively. The powder line was 
routed through the powder valve, which was a pinch-type 
design. The powder line length between the collector tank 
and the pinch valve was one of the parameters that were 
varied in this study. This length did not affect the carrier gas 
line conductances. The pinch valve controlled the flow (on/
off) by pinching the silicone line. The details of the powder 
valve are described in Section 2.2. When the powder valve 
opened, the aluminum powder was shot to the collector 
tank that had an inner diameter of 26.2 mm and an inner 
length of 120 mm. It also had the same filter as the ones 
that powder tank was equipped with. The collector tank 
was open to the room through the filter. The aluminum 
powder was collected there, and the mass change of the 

collector tank was measured by a mass scale (MS 1602S, 
METTLER TOLEDO) that had a resolution of 10 mg and 
settling time of 1 s.

Special care had to be taken when evaluating the gas 
flow rate in pulsed operation. The gas flow rate at the gas 
valve was mainly determined by the conductance of the 
flow regulator and the pressure difference between the car-
rier gas and powder tank. On the other hand, the gas flow 
rate at the powder valve was determined by the conduc-
tance of the powder line and pressure difference between 
the powder tank and the collector tank. Therefore, the flow 
rate measured by the flow meter was equal to the gas flow 
rate at the powder valve only when the supply was in con-
tinuous operation. When the supply was in pulsed opera-
tion, there was a difference between the two flow rates. 
What we were able to determine in pulsed operation was an 
integrated discharged gas mass from the measured gas flow 
rate in one pulse.

The behavior of the powder in the powder tank was ob-
served with a transparent tank made of PMMA. It should 
be noted that this transparent tank was used only for the 
observation test, and the main experimental runs were car-
ried out with the metal powder tank because we wanted to 
eliminate the effects of static electricity on the experimen-
tal results. Sequential pictures for powder supply in pulsed 
operation are shown in Fig. 3. The time interval between 
each picture is 10 s. The powder bed was settled at the 
bottom of the powder tank and the powder was not stirred 
up significantly by the gas flow. The powder bed surface 
was lowered by the supply of carrier gas and powder to the 
collector tank. The pictures indicate that the experimental 
setup worked as expected. Rat holes were not observed in 
any test.

2.2 Powder valve
The powder valve had a pinch-type design to maximize 

the powder valve conductance and avoid potential issues 
with powder clogging around sealings (Oh et al., 2005). A 
CAD-based representation of the valve is shown in Fig. 4. 
It consisted of a housing, a solenoid magnetic actuator with 
a pinch plunger (M590C-22P, SHINDENGEN), a plunger 
cover, and four springs (WL-14-40, MISUMI). The hous-
ing and plunger cover were made of 3D printed ABS. The 
powder valve closed the powder line by pinching it with the 

(A) Powder tank
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Fig. 2  (A) Enlarged half-sectional view of a CAD model of the lower 
part of the powder tank, and (B) the appearance of the carrier gas inlet 
and outlet for the carrier gas/metal powder mixture.

Table 1  Common experimental conditions.

Powder tank internal geometry Diameter: 23 mm,
Length: 100 mm

Powder line inner diameter 2 mm

Initial powder mass 29.9 ± 0.7 g

Initial powder tank voidage 0.70 ± 0.01

Carrier gas Air

Injection frequency in pulsed operation 0.25 Hz

Total valve opening time in pulsed 
operation

140 ms

t = 0 s t =10 s t = 20 s t = 30 s t = 40 s t = 50 s

Fig. 3  Sequential pictures during the powder supply in pulsed opera-
tion. The powder tank was made of PMMA specified for this observa-
tion. The white lines indicate the surface of the powder bed.
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weight. Micropropulsion systems with pulsed powder sup-
ply have hence various advantages, and so the optimization 
of continuous powder supply was not pursued further in the 
present study.

The mass ratios, ϕ, for all experimental runs are shown 
in Fig. 12 as a function of the carrier gas flow rate. In  
experiments #1–4, ϕ varied within the measurement  
uncertainty levels, making it difficult to identify a clear 
trend. This implies that the conductance and powder line 
length did not have significant impacts on ϕ for pulsed op-
eration. On the other hand, the results of experiments #5 
and #6 show that higher carrier gas pressures resulted in 
lower ϕ. Furthermore, ϕ was significantly lower in continu-
ous operation than in pulsed mode. For the former, we 
found 106.7 ≤  cont

  

 

[32] 

 

  

 ≤ 196.1, while for the latter, we ob-
tained 221.7 ≤  pulse

  

 

[38] 

 

  

 ≤ 413.7.
In summary, the results imply that appropriate setting of 

the gas line conductance and selection of powder supply 
line length can control the powder flow rate without signif-
icant impacts on ϕ. They also imply that the short gas line 
length would be conservative considering the in-space op-
eration of the supply system because it would be less af-
fected by unexpected changes of gas line conductance and 
the flow rates can be controlled with the carrier gas pres-
sure. Conversely, all variations of the carrier gas pressures 
constitute a trade-off between increased powder flow rates 
and decreased mass ratios ϕ. However, since the ϕ is very 
large even at high carrier gas pressures, the carrier gas is 
not expected to affect the reaction of the propellants in the 
combustion chamber. The propulsion system can hence be 
equipped with a capability of throttling. For instance, when 
a higher powder flow rate is required, perhaps for a short 
duration maneuver with high thrust, this can be achieved by 

an increase in the carrier gas pressure at the expense of re-
ducing mass ratio.

4. Discussion
The flow rates were estimated with the assumption that 

the powder flow rate through the powder valve was con-
stant during one shot. In what follows, the validity of this 
assumption is discussed first. Then, the mass ratio ϕ is ex-
pressed as a function of voidage, velocity ratio, and density 
ratio, which are variables that are commonly used to de-
scribe the flow fields of mixtures.

4.1 Flow field establishment
The time required by a particle to accelerate to the local 

flow speed can be expressed as
2

a p
/18τ ρd μ=  

 

(16) 

 

  

	 (16)

where dp is the particle diameter, and μ is the carrier gas 
molecular viscosity. Using ρ = 2,710 kg/m3, dp = d50, and 
μ = 1.88 × 10–5 Pa s, results in τa ≈ 1.5 ms. Since τa ≪ τopen, 
the establishment time is much faster than typical time 
scale of valve response.

4.2 Reformulation of mass ratio
4.2.1	Definition of voidage, velocity ratio, and 

density ratio
Solid-gas mixture flows can be described by various pa-

rameters, including the pressure drop per unit length and 
the flow voidage. The pressure drop is not a critical issue in 
spacecraft because the supply lines are typically very short 
on the order of 10–2 m to 10–1 m. On the other hand, 
voidage is an indicator of the amount of carrier gas required 
to transport a certain amount of powder and is more import-
ant for spacecraft than for ground facilities. Another key 
factor of the mixture flow is the velocity ratio of the carrier 
gas and the powder from the perspective of the combustion. 
A lower velocity ratio indicates that the carrier gas goes 
through the combustion chamber at a relatively high veloc-
ity and powder can have sufficient residence time for a 
complete reaction. Therefore, we focus on the voidage and 
velocity ratio here.

A steady-state flow was assumed for both continuous 
and pulsed operation, as shown in Fig. 13, to derive the 
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#5 #6 #7 #8

Fig. 12  Mass ratio ϕ versus gas flow rate.
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Fig. 13  Schematic of the steady-state flow inside the powder line.
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relationship between the mass ratio and the voidage. Using 
the dispersed powder and gas mass density, ρdp and ρdg, re-
spectively, and the inspection volume Vins, the respective 
flow rates can be expressed as

p dp p line
m ρ u A=�  

 

(17) 

 

  

	 (17)
g dg g line
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where up and ug are powder and carrier gas velocity, respec-
tively, and Aline is the cross-sectional area of the powder 
line. Here, we can define the voidage as

g ins dg g dp p
/ / 1 /ε V V ρ ρ ρ ρ     
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With the equations above, the mass ratio can be expressed 
as

p p p

g g g
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Eqn. (20) shows that ϕ can be expressed as a function of 
voidage ε, velocity ratio up/ug, and density ratio ρp/ρg. The 
former two assume values in the range of 0–1. The mass 
ratio can be determined as outlined in Section 2.5. The 
density ratio can be estimated by using the measured car-
rier gas pressure in P3, and assuming that the gas tempera-
ture equaled room temperature, specifically, Tg = 300 K. 
Thus, the remaining unknown variables in Eqn. (20) are 
the voidage and the velocity ratio. Once either of them is 
estimated, the other can also be determined.

In continuous operation, we estimated the velocity ratio 
from the measurements as follows. First, the powder veloc-
ity up was calculated from

t p p c
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The distance lt–p = 659 mm between the tank exit and the 
powder valve was constant, while the distance lp–c between 
the powder valve and collector tank inlet varied according 
to the experiment number (cf. Table 2). In Eqn. (21), tco is 
the time when the collector tank mass starts to increase, and 
τdelay = 0.43 s is the time delay of the mass scale. Here, t = 0 
is the time when the powder valve opening commences. 
Next, the superficial carrier gas velocity g

u  
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using the known values for that ṁg, ρg, and Aline. Plugging 
Eqn. (22) into Eqn. (20) then yields
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which can be rearranged to calculate ε.
In pulsed operation, the same estimation method cannot 

be used because the first injection was not in steady state. 
Thus, the voidage ε was estimated from the ratio between 
the total injected carrier gas volume in one shot, in steady 

state, and that after the powder discharge completed. This 
estimation assumes that the gas velocity was constant re-
gardless of the powder existence in the flow. The total in-
jected carrier gas volume in ith pulse Vpulse,g,i is

1

pulse,g, g g g g
/ d

i

i

t

i

t

V m R T p t
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where Rg and pg are the specific gas constant and the gas 
pressure, respectively. The values for ṁg and pg were mea-
sured by the flow meter and sensor P3, respectively. Using 
Rg = 288.7 J/ (kg K) for air and assuming Tg = 300 K as 
before, allowed the numerical integration of Eqn. (24) to 
yield Vpulse,g,i. For instance, in Fig. 9, pulses 10 to 24 were 
in steady state, while only carrier gas was injected in pulses 
40–43. The average voidage in pulsed operation can then 
be obtained from
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where nm and nn are the first and last pulse number in the 
steady state, respectively, and np and nq are the first and last 
pulse number, respectively, after stable periodic gas flow 
reestablished, such as for t > 155 s in Fig. 8. The result was 
then plugged into Eqn. (20) to obtain the velocity ratio.

4.2.2 Voidage and velocity ratio
The relation between the velocity ratio, up/ug, and the 

voidage, ε, is shown in Fig. 14. This figure shows that the 
voidage in pulsed operation was in the range of 0.1–0.35, 
which indicates that 65–90% of the powder line volume 
was occupied by the powder. On the other hand, the 
voidage in continuous operation was approximately 0.8. 

#1 #2 #3 #4
#5 #6 #7 #8

Fig. 14  Velocity ratio versus voidage. The symbols representing ex-
periments #5 and #6 are overlapping.
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The reason for this might be that the powder was com-
pressed when the powder valve closed, and the flow was 
brought to a sudden halt (cf. Section 3.1) in pulsed  
operation. This effectively increased the powder packing 
density and reduced ε. Clearly, this effect is absent when 
the system is operated continuously. Also note that, for 
pulsed operation, a larger gas line conductance (experi-
ments #3 and #4) contributed to denser powder flow (lower 
ε) when the supply pressure was kept constant (compare 
experiments #1 vs. #3 and #2 vs. #4). This figure clearly 
shows that pulsed supply is a preferable way for the powder 
transfer for micropropulsion application. Lower voidages 
indicate higher powder flow rates with lower carrier gas 
flow rates. Lower velocity ratios indicate lower powder 
velocities, resulting in longer residence times in a combus-
tion chamber, thereby promoting complete combustion.

Differences in powder line length had a slight impact on 
the velocity ratio and voidage with lower gas line conduc-
tance (experiment #1 vs. #2) and did not have a significant 
impact on them (experiment #3 vs. #4). However, as shown 
in Fig. 15, the powder velocity was slower with a longer 
powder line length. This implies that the length can control 
the powder velocity without changing the mass ratio be-
cause Fig. 12 shows that the length did not have an impact 
on ϕ. Slower powder velocities can result in a longer resi-
dence time of the powder in a combustion chamber and 
higher combustion efficiencies. Thus, a longer powder line, 
at least within length limits studied here, is advantageous 
for a micropropulsion system.

Comparing the data for experiments #1 and #5 in 
Figs. 12, 14, and 15 helps assess the effect of carrier gas 
pressure. Experiment #5 shows lower voidage than experi-
ment #1, whereas experiment #5 shows lower ϕ than exper-

iment #1. This implies that the increase in the carrier gas 
mass density has a bigger impact than the decrease in the 
voidage. For this reason, higher carrier gas pressures can 
inject larger powder masses, but they will use dispropor-
tionally larger carrier gas masses.

Regarding the powder velocity in experiments #5 and 
#6, their velocities are significantly faster than in the other 
experiments, as shown in Fig. 15. Therefore, as a method 
to increase the injected powder mass per pulse, choosing 
higher carrier gas line conductances is preferable to select-
ing higher carrier gas pressures. This is because higher 
carrier gas pressures increase carrier gas consumption and 
reduce the residence time of the powder in the combustion 
chamber.

In summary, powder supply systems for micropropul-
sion applications require high mass ratios and low powder 
velocities. The former can be achieved with a higher carrier 
gas line conductance. The latter can be controlled by the 
powder line length without changing the mass ratio. Re-
garding the carrier gas pressure, it was clarified that lower 
pressures were beneficial because higher pressures reduced 
the mass ratio and increased powder velocities.

5. Conclusions
Powder supply systems for use in micropropulsion are 

technically immature, and important design parameters are 
not well studied. To overcome this, this study developed a 
powder supply system, and the impacts of carrier gas pres-
sures, gas line conductances, and powder line lengths on 
the supply characteristics were measured.

The measurements were conducted in both continuous 
and pulsed operation modes. Experimental results indi-
cated that pulsed operation achieved higher powder flow 
rates and higher mass ratios than continuous operation. 
Since achieving high mass ratios is critically important for 
a micropropulsion system, due to severely limited space-
craft mass budgets, pulsed operation mode is the preferable 
option for micropropulsion applications.

Furthermore, it was found that higher carrier gas supply 
pressures significantly increased the gas and powder flow 
rates, but at the same time reduced mass ratios. The carrier 
gas line conductance had a smaller impact on the powder 
flow rate, and only a negligible impact on the mass ratio. As 
a result, the carrier gas line conductance can be used as a 
design variable to control the former with only negligible 
impacts on the latter. The powder line length had a negative 
impact on the powder flow rate, but it had no significant 
impact on the mass ratio.

The results implied that the appropriate design of the gas 
line conductance and the powder line length can control the 
powder flow rate, and the carrier gas pressure is an effec-
tive parameter to control the powder flow rates in-space 
operation for throttling. The results provided important  
insights and help for the future development of  

#1 #2 #3 #4
#5 #6 #7 #8

Gas flow rate, mg/s

Fig. 15  Powder velocity versus gas flow rate.
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micropropulsion systems that use aluminum powder, or 
indeed physically similar metal powders, as fuels. It should 
be noted that the measurements were carried out under 1g0. 
The validation of the results under microgravity conditions 
will be performed in a future drop tower experiment.
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Nomenclature
ABS	 Acrylonitrile butadiene styrene
CAD	 Computer-aided design
ESA	 European Space Agency
JSPS	 Japanese Society for the Promotion of Science
OSIP	 Open Space Innovation Platform
PSD	 Particle size distribution
SRM	 Solid rocket motor
dt	 inner diameter of powder tank (m)
dx	 xth percentile diameter (m)
F	 force (N)
g0	 gravitational acceleration, 9.8 (m/s2)
h	 height of powder bed (m)
I	 current (A)
mAl,ini	 initial aluminum powder mass (kg)
ṁcont,g	 carrier gas flow rate during continuous operation  

(kg s–1)
ṁcont,p	 powder flow rate during continuous operation (kg s–1)
mc,i	 collector tank mass before ith shot during pulsed oper-

ation (kg)
ṁg	 carrier gas flow rate measured by the flow meter  

(kg s–1)
mpulse,p,i	 injected powder mass in ith shot during pulsed opera-

tion (kg)
mpulse,g,i	 injected carrier gas mass in ith shot during pulsed oper-

ation (kg)
ṁpulse,p,i	 powder flow rate in ith shot during pulsed operation 

(kg)
ṁpulse,g,i	 gas flow rate in ith shot during pulsed operation at 

powder valve (kg)
pulse,g

m  
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	 averaged injected carrier gas mass during one shot in 
pulsed operation (kg)
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pulsed operation (kg)
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	 averaged carrier gas flow rate during continuous oper-
ation (kg s–1)

nm	 first pulse number in steady state (-)
nn	 last pulse number in steady state (-)
np	 first pulse number after steady state (-)
nq	 last pulse number after steady state (-)
ti	 time when ith powder valve is opened (s)
N	 number of coil turns (-)

ε	 voidage inside powder line (-)
εt	 voidage inside powder tank (-)
μ	 molecular viscosity (Pa s)
ρ	 density (kg m–3)
σ	 standard deviation (-)
σd	 size polydispersity (-)
τa	 time required by a particle to accelerate to the local 

flow speed (s)
τdelay	 time delay of mass scale measurement (s)
τopen	 time during which the powder valve is open (s)
ϕpulse,i	 mass ratio in ith shot during pulsed operation (-)
cont
  

 

<44> 

 

  

	 average mass ratio during continuous operation (-)
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	 average mass ratio during pulsed operation (-)
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