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Abstract A compact pneumatic pulse-jet pump with a Venturi-like reverse flow diverter, which consists of a noz-
zle and diffuser, is designed for lifting and transporting a hazardous fluid through a narrow mounting hole. The
pumping performance for a liquid mixture or a liquid-solid mixture is examined in terms of the effects of liquid
viscosity, particle mass concentration, lifting height, and compression pressure. Results reveal that the pumping
performance of the compact pneumatic pulse-jet pump is controlled by jet inertia and the flow resistance of the riser
tube positioned after the diffuser. The capacity of the compact pneumatic pulse-jet pump increases with compres-
sion pressure and decreases with liquid v1scosny However, even for a liquid mixture with a high viscosity of 7.38
mPa-s, a pumping capacity of 170.7 L-h™" was observed. For a liquid mixture, two dimensionless indices of per-
formance were found to be the ratio of Euler numbers Fu,,/Eupy and the suction factor ¢g. As the liquid-solid mix-
ture was lifted to elevation of 6.74 m by the compact pump, the particle size distributions of the liquid-solid mixture
in the tank and from the riser tube outlet were determined by a particle size analyzer and found to coincide well.
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1 INTRODUCTION

The chemical, metallurgical, and energy industries
are involved with the storage and subsequent process-
ing of considerable amounts of fluids that are corro-
sive, toxic, radioactive, or simply at high temperature.
These hazardous fluids pose at least two problems.
First, their dangers may result in significant harm to
short-range operators. Second, harsh work environ-
ments accelerate the damage to equipment, especially
its moving parts, so maintenance and replacement are
often required. For example, the mechanical bearings
and impellers in centrifugal pumps [1-3] that are
widely used for industrial production can quickly be-
come inoperative due to metallic corrosion. One of the
most common operations that often results in the
above two problems involves lifting and transporting a
hazardous fluid from a storage tank. Therefore, iden-
tifying the pumps available for hazardous environ-
ments is critical to overcoming these problems.

One example of maintenance-free pumps for
hazardous fluids that are presently being researched
extensively is the pneumatic pulse-jet pump with a
reverse flow diverter (RFD) [4-6]. The Venturi-like
RFD without moving parts offers a simple structure as
well as the advantages of stability and durability. It
will not heat or dilute the liquid and can transport a
high-temperature liquid that is close to its boiling
point or a radioactive liquid that contains suspended
solid. In an operating cycle of the pneumatic pulse-jet
pump, the switch between the suction and output dis-
charge operations can be realized conveniently by us-
ing solenoid valves under remote control. Thus, the
pneumatic pulse-jet pump can be used safely in harsh
environments.

Received 2010-10-13, accepted 2011-06-26.

Early research on the pneumatic pulse-jet pump
with an RFD as the core of equipment was mainly
performed in the United Kingdom. From 1967 to 1972,
Walkden successfully used a pump with an RFD to
transport a potassium salt at 1,500 °F within the cen-
tral laboratory of the British General Electric Com-
pany [7]. Since then, Tippetts et al. [8, 9] researched
widely pumping cycle control, single-acting RFD
pumps, and 2-RFD pumps, as well as double-acting
pumps with two displacement vessels and one flow
junction (FJ). In the 1980s, British Nuclear Fuels
Limited (BNFL) conducted successful research on a
pump system with an RFD for application in a nuclear
fuel reprocessing plant [10]. In a Springfield industry-
scale experiment, the maximum lift of a pump system
with an RFD was 30 m while the flux was 20 m>-h™".
In the 1980s and 1990s, US researchers began to study
the application of RFDs in Oak, Idaho, and other ra-
dioactive waste disposal areas. Smith and Counce stud-
ied the performance characteristics of plane wall reverse
flow diverters [11] and axisymmetric reverse flow di-
verters [12], and proposed a prediction model of RFD
performance. In the US, Mark successfully used the
pneumatic pulse-jet pump to transport slurry [13]. Gao
et al. [14] developed an energy loss pressure ratio
formulation of the main flowing unit of a pulsed liquid
jet pump and found that the pulse frequency is the
main factor influencing energy and pumping capacity.

Of the reported works, the majority focused on
transportation theory, stable performance, and the ef-
fects of geometrical parameters for a large pneumatic
pulse-jet pump with one displacement vessel and one
separate RFD. However, in practice, the main problem
lies in the means of lifting and transporting a hazardous
fluid within an extremely small installation space. For
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example, when radioactive fluid is transported, a nar-
row mounting hole is necessary to allow installation of
the pump into the storage tank and yet prevent radioac-
tive leaks. To pass through the narrow mounting hole,
the pneumatic pulse-jet pump must be compact. At pre-
sent, there remains a scarcity of experimental studies
on the structure and performance of compact pneumatic
pulse-jet pumps. Indeed, no reports have addressed the
effects of liquid viscosity, particle mass concentration,
lifting height, and compression pressure on the pump-
ing capacity.

In this study, liquid mixtures and liquid-solid
mixtures with different liquid viscosities and particle
mass concentrations were prepared using glycerol, wa-
ter, and quartz sand as raw materials. To provide a basis
for engineering and modeling, the effects of liquid
viscosity, particle mass concentration, lifting height,
and compression pressure on both pumping perform-
ance and operating rules have been experimentally
investigated.

2 EXPERIMENTAL
2.1 Compact design

As shown in Fig. 1 (a), the main structure of a
conventional pneumatic pulse-jet pump is composed
of a displacement vessel (DV) and an RFD that runs
in two modes. The reverse flow mode is for lifting and
transporting fluid, whereas the forward flow mode is
for filling the DV with fluid from a storage tank. The
most significant feature of this conventional design is
the separation of the RFD and the DV, which are con-
nected by pipelines. For lower resistance in the for-

ward flow mode, RFDs are often arranged horizontally.

When conditions are steady, the pumping capacity of a
pneumatic pulse-jet pump is proportional to the vol-
ume of the DV and the area of the nozzle. The advan-
tage of this structure is that the sizes of DV and RFD
can be determined by the required capacity, not by the
compatibility of RFD size with DV. This type of
design is aimed at large pumping capacities and large-
scale applications.

In this paper, a compact pump is designed. To
address the restriction of a narrow installation space,
the RFD is arranged vertically inside the DV of
50 mm diameter, as illustrated by Figs. 1 (b) and 1 (c).
With the compact design, the entire device can be
fixed in the hazardous fluid tank through the narrow
mounting hole without the need of significant restruc-
ture of the tank. Since the component sizes and as-
sembly mode of the DV and RFD in the compact de-
sign are different from those in the conventional de-
sign, the flow resistance varies from one RFD pump-

ing system to another. Accordingly, the pressure varia-
tion in the DV of the compact design, which forces
transport of the fluid against the flow resistance, is
different from that in the conventional design when in
the reverse flow mode. Furthermore, the limitation on
the pumping performance may also differ, since these
two kinds of RFD pumping system differ in the
maximum jet velocity at the nozzle exit and in the
balance of the drive force with the flow resistance.

In this study, the RFD structure is composed of a
nozzle and diffuser, as shown in Fig. 1 (b). The nozzle
and diffuser have the same 20° angle of convergence
or divergence. The nozzle has an outlet diameter
measuring 6 mm, and the diffuser has an inlet diame-
ter measuring 8 mm. The space that separates the noz-
zle and diffuser, which is known as the suction gap, is
10 mm long and 14 mm wide. The riser tube posi-
tioned after the diffuser measures 14 mm in diameter.

The experimental procedure for the compact
pulse-jet pump in this study is outlined in Fig. 1 (c).
The equipment includes a pressure/vacuum generator,
compact pulse-jet pump, and measurement/control
system. The pressure generator delivers compressed
air that propels the fluid along the riser tube toward
higher elevation. The vacuum generator draws the
fluid into the DV. At the top of the DV, a sensor re-
ports the pressure corresponding to that fixed meas-
urement point. The position of the fluid surface in the
DV is monitored by a level gauge in the measure-
ment/control system. According to the quantity of
fluid obtained from the riser tube outlet, the pumping
capacity may be calculated. The operating conditions
of this experiment are presented in Table 1.

2.2 Working procedure

Similar to that of the conventional design, the
working process of the compact pulse-jet pump in-
cludes a suction process and a compression process, as
indicated by Fig. 2.

Suction process [Fig. 2(a)]: the compression-
solenoid valve and vent-solenoid valve both close and
the vacuum-solenoid valve opens, so the vacuum
pump can work. Therefore, air in the DV is evacuated,
and consequently, liquid in the tank is drawn into the
DV along Port 0 to Port 1. The flow in the RFD under
the suction process is known as the forward flow
mode of the RFD.

Compression phase [Fig. 2(b)]: the suction-
solenoid valve and vent-solenoid valve both close and
the compression-solenoid valve of the pressure gen-
erator opens. Compressed gas works on the fluid in
the DV, compelling it emanates from the nozzle outlet
(Port 1) to form a jet across the suction gap. It is noted

Table 1 Operating conditions of experiment

Hlm/l'n pro/MPa

HDV,()/Cm

w/mPa-s /%

2.78,6.74 0.05,0.10,0.15,0.20,0.225

125,105,85

1.21,1.73,4.04,7.38,10.20 0,10,20,35
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Figure 2 Working processes of compact pulse-jet pump: (a) forward flow mode, and (b) reverse flow mode

that under the influence of the inertia, the jet tends to
flow from Port 1 to Port 2, rather than along the direc-
tion from Port 1 to Port 0, as long as the jet velocity is
enough high. The intense jet flow from Port 1 to Port
2 will produced a low-pressure area surrounding its
core. Consequently, part of the fluid in the tank are
induced through Port 0 into the suction gap, termed it
jet entrainment. The induced fluid mixes with the jet,
exchanges momentum and mass, and then enters the
diffuser. Part of kinetic energy is converted to static
pressure energy inside the diffuser with an increasing
flow area, lifting the mixed fluid to a high elevation
through the riser tube. The jet entrainment is expected
because flux in Port 2 is greater than that in Port 1.
However, when the riser tube positioned after the dif-
fuser exhibits excessive resistance, the jet entrainment
will be broken attributed the weak jet flow. Subse-
quently, part of the jet flow in the suction gap will
flow from Port 1 to Port 0, and return to the tank,
termed it back-flow. The fluid flowing in RFD under
the compression process gives the reverse flow mode
its name. In addition, during the compression process,
when the level of fluid in the DV drops to a prede-
fined low, the compression-solenoid valve will close
and the vent-solenoid valve will open, so compressed
air in the DV will be exhausted immediately. Under
the influence of the gravity, the fluid filled in the riser
tube will fall down and emanate from the diffuser en-
trance. One part of the falling fluid flow into the DV
through Port 1, while another return to the tank
through Port 0. Specially, as the velocity of falling
fluid at the diffuser entrance is enough high, a jet may
be created in the suction gap. The jet may induce the
fluid in the tank through Port 1 into the DV, which
reduces the time required for filling up the DV during
the following suction process. When the pressure in

the vessel is reduced to a certain value, the vent-
solenoid valve will close and the vacuum-solenoid
valve will open. Hence, the suction process will restart
and the cycle will be repeated.

2.3 Simulation fluids and measuring instruments

In this study, two types of mixtures are prepared
as the working fluids: liquid mixture and liquid-solid
mixture. The former is glycerin-water solution to
simulate other liquids, while the latter is glyc-
erin-water-quartz sand mixture to simulate slurries.
The proportion of glycerin is varied to adjust the vis-
cosity of each mixture. Additionally, a paddle-type
stirrer is utilized to ensure a homogeneous state of the
mixtures, whose properties are listed in Table 2.

Table 2 Viscosities, densities, and mass fractions of
different fluid mixtures

No. Glycerol mass fraction/%  ¢/% w/mPa-s plg-em™
1 0 0 1.21 0.9992
2 20 0 1.73 1.0463
3 40 0 4.04 1.0990
4 60 0 7.38 1.1551
5 0 10 1.21 1.0679
6 0 20 1.21 1.1427
7 0 35 1.21 1.2786
8 20 35 1.76 1.3340
9 40 35 3.61 1.3855
10 60 35 10.20 1.4460
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Specifically, the properties of the materials used
in this work are as follows:

Glycerin: purity, 99.9%; melting point, 18.17 °C;
relative density, 1.261 g-em™ at 25 °C; absolute vis-
cosity, 9.54 Pa-s.

Quartz sand: SiO; content, 90%-99%; relative
density, 2.65 grem™ at 25 °C; average particle size,
52.45 pm.

The measuring instruments used are as follows:

a) Digital rotational viscometer: DV-1, Fungilab
S.A., Spain.

b) Densitometer: Den Di-1, Beijing FElectrical
Equipment Co. Ltd., China.

c) Particle size analyzer: Mastersizer 2000, Mal-
vern Instruments Ltd., UK.

3 RESULTS AND DISCUSSION

3.1 Pressure signal analysis

Once the compression valve opens, compressed
air passes through the gas pipe and acts on liquid in
the DV. Liquid then emanates from the RFD nozzle
exit, forming a jet across the suction gap. When the
compression valve is closed, the pressure of the com-
pressed gas in the pipe, ppvo, is known as the static
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compression pressure (gauge pressure). The real-time
pressure in the DV, ppy, is measured using the pres-
sure data acquisition system. Fig. 3 shows that the DV
pressure signal is divided into two steps by the opera-
tion of the pneumatic pulse-jet pump with lifting
height 6.74 m and initial liquid level in the DV,
Hpyo=125 cm, as mixture No 1 listed in Table 1 was
adopted. These steps represent the compression proc-
ess [4-D in Figs. 3 (a) and 3 (c)] and the suction
process [D—F in Figs. 3 (a) and 3 (c)]. Fig. 3 also
clearly shows that for different static compression
pressures the DV pressure signal of the compression
step can exhibit two different modes.

The first mode is the “plateau” mode [Figs. 3 (a)
and (b)]. In this mode, the pressure peak exists at the
beginning of the compression step, and approximately
the constant pressure region comes afterwards. The
reason for this phenomenon is that if low-pressure gas
enters the DV, its expansion work cannot entirely
overcome the interlaminar shear force (including wall
friction) of the transported liquid, so liquid in the
DV flows less and gas pressure increases steeply.
Conversely, at Point B the expansion work of the
high-pressure gas can overcome the liquid flow resis-
tance, so liquid flow in the DV is accelerated and gas
pressure there is reduced, thus a pressure peak results.
As transported liquid is discharged from the riser tube
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Figure 3 Pressure signals for different static compression pressures
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outlet, the liquid flow resistance is constant and in
balance with the compressed gas expansion work, so
the liquid acceleration process stops. The rate of liquid
level drop in the DV is similarly constant, as high-
pressure gas in the DV continues to push liquid out by
constant expansion. Because the air supply rate bal-
ances the gas expansion rate, a constant region exists
in the pressure signal.

The second mode is a “knife” mode [Figs. 3 (c)
and 3 (d)]. In terms of the change in pressure signal,
the most noticeable feature is the absence of a con-
stant pressure region during the compression step
[section B-D in Fig. 3 (a) is simplified to a smooth
curve A—D]. In this mode, during the compression step
the high-pressure gas accelerates expansion in the DV,
so the liquid level there decreases rapidly. The expan-
sion work of this high-pressure gas is sufficient to
overcome the interlaminar shear force of liquid flow,
including the wall friction. The result is that in this
initial step the liquid level in the DV begins to rapidly
decrease. Thus, no pressure peak exists in this mode.
At the same time, the ample gas supply due to a
higher pressure means that the expansion work of the
compressed gas is always greater than resistance loss
of the liquid flow, even if liquid is discharged from the
riser tube outlet. Moreover, the liquid level in the DV
rapidly decreases, while the rate of pressure signal
change gradually decreases because the expansion rate
of the compressed gas increases (i.e., the pressure
signal slope in Fig. 3 (c) gradually decreases). However,
ppv exhibits an upward trend until Point D, where the
DV begins to empty and suction commences.

The reasons for the differences between the two
modes are important and can be explained as follows:
In the steady pressure region of the plateau mode, lig-
uid in the DV is exhausted with a nearly constant rate.
Thus, the jet flow that forms at the RFD nozzle exit is
considered a quasi-stable jet, so the stable jet equa-
tions can be used for theoretical analysis. In the knife
mode, however, the unstable jet equations are used at
the RFD nozzle exit during the entire compression
process. Additionally, in the operation of a conven-
tional pneumatic pulse-jet pump, the greater pumping
capacity attributed to a greater DV volume also results
in a greater flow resistance (including gravity work)
that the compressed gas needs to overcome. The ex-
pansion work of compressed gas then balances more
easily with the energy lost to flow resistance. There-
fore, the plateau mode appears fundamental to the
operation of a conventional pneumatic pulse-jet pump,
whereas the knife mode really does not.

3.2 Pumping performance for liquid mixture

Liquid viscosity, compression pressure, and lifting
height are three factors in the pumping performance of
a compact pump and these are investigated experi-
mentally. To characterize the pumping performance,
the following dimensionless parameters are defined:

U, Sdit +V,
4

¢= e ol Vg )
U, n dlt. Vov
4
_ Eu p U2 p Vz /d4
Eu= out _ fout ]3\/ — out 2DV 2DV4 (2)
Eupy  povUswe  PovWou ! P/ doy
T 2
U,,—d;.t
— out 4 outr _ Uoutdozut _ I/Vout /p (3)
Upy — dév I Unvdpy bV

where ¢ is the suction factor, Eu is the Euler number
ratio, and 7 is the effective lifting factor. More explic-
itly, g is the ratio of the flux sum at Port 2 to that at
Port 1 for a single pumping cycle, including suction
and compression. When ¢>1, the expected entrain-
ment phenomenon occurs in the suction gap during
the compression process (RFD in the reverse flow
mode). When ¢<1, the back-flow phenomenon occurs.
The smaller the value of g, the more serious the
back-flow phenomenon and the smaller the pumping
capacity. The suction factor q may be used to estimate
the RFD pumping performance with the riser tube

volume taken into account. Eu is the ratio between
the Euler number at the riser tube outlet and that at the
fluid level of the DV, representing the loss of liquid
momentum between the DV level and the riser tube
outlet. # is the ratio between the flux at the riser tube
outlet and that discharged from the DV, representing
the effective capacity of the compact pulse-jet pump
during one cycle. The liquid within the riser tube is
not considered in the effective lifting factor # as that is
not transported beyond the riser tube outlet.

3.2.1 Effects of compression pressure and liquid
Viscosity

Figure 4 shows the effect of static compression
pressure on the pumping performance of the compact
pulse-jet pump for mixture Nos. 1-4 (see Table 2)
where lifting height Hjis is 2.78 m and initial liquid
level in DV Hpy is 125 cm. In particular, Fig. 4 (a)
demonstrates that pumping capacity increases with
static compression pressure. However, when the com-
pression increases to a certain pressure, the capacity of
the compact pulse-jet pump reaches a limit. If the
pressure increase continues, the pumping capacity
may actually decrease. Fig. 4 (b) demonstrates that the
suction ratio ¢ increases with compression pressure to
some extent but also eventually reaches a limit. Based
upon the above results, a reasonable conclusion is that
the pumping performance of the RFD in reverse flow
mode is controlled by jet inertia and flow resistance
along the riser tube. Since the jet inertia dominates the
flow resistance as compression pressure is lower,
more liquid enters the diffuser and is lifted with com-
pression pressure increasing. When the compression
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pressure (i.e., jet speed) increases to a certain value,
the flow resistance begins to increase as the square of
the liquid speed and the effect of secondary flow resis-
tance exceeds that of jet inertia, so the pumping ca-
pacity begins to decrease. In contrast with the compact
pump, the conventional pneumatic pulse-jet pump has
a diffuser and riser tube of greater diameter and thus
suffers less effect from flow resistance. Hence, the
reason that pumping capacity reaches a limit and
eventually becomes reduced is that cavitation occurs
due to the excessive jet speed at the nozzle exit [15].

Figure 4 (a) also shows the effect of liquid vis-
cosity on the pumping performance of the compact
pulse-jet pump. Specifically, the pumping capacity
decreases as the mixture viscosity increases. A greater
liquid viscosity naturally causes more liquid resistance
throughout the entire flow process and the effect of
the flow resistance along the riser tube becomes more
evident. Thus, more liquid returns to the storage tank,
flowing from Port 1 to Port 0. However, the compact
pulse-jet pump reaches a capacity of 170.7 L-h™" for a
mixture with a high viscosity of 7.38 mPa-s. In other
words, the RFD has an excellent capacity for lifting
and transporting such high-viscosity mixtures.
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Figure 4 Effects of compression pressure and liquid vis-
cosity on pumping performance
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3.2.2  Effect of lifting height

Figure 5 shows the experimental results for pump-
ing capacity and effective lifting factor with mixture
No. 1 (see Table 2), initial liquid level of 125 cm, and
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Figure 5 Pumping capacity and effective lifting factor for
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a lifting height of either 2.78 m or 6.74 m. Evidently,
the pumping capacity and effective lifting factor both
decrease considerably as the lifting height increases.
This further emphasizes that the effect of flow resis-
tance on the RFD pumping performance is significant.
Fig. 5 indicates that with a lifting height of 6.74 m the
RFD pumping capacity eventually reaches 89.6 L-h™".

3.2.3  Non-dimensional performance curve

If the viscosity of a mixture is fixed, the main in-
fluencing parameters are the compression pressure,
the lifting height, and the initial level of liquid in the
DV. Fig. 6 shows that the effective lifting factor can
be described as a unique non-dimensional function of
the Euler number ratio as follows:

’7:f(Euout/EuDV):f(pouUpDV’UDV’Uout) (4)

In a practical application of a compact pneumatic
pulse-jet pump, the pressures at the riser tube outlet is
the known ambient pressure, while U,, and # are
typically determined according to practical require-
ments. Substitution of Uy, and # in Egs. (3) and (4)
means that ppy can then be determined for a specific
viscosity and lifting height. Therefore, within a certain
range, the non-dimensional performance curve of 7
provides a way to select or confirm the operating pa-
rameters of a compact pneumatic pulse-jet pump.

3.3 Pumping performance for liquid-solid mixture

This experiment investigated the effects of liquid
viscosity, particle mass concentration, and compres-
sion pressure on the performance of the compact
pneumatic pulse-jet pump for liquid-solid mixtures
and a lifting height of 6.74 m.

3.3.1 Effects of compression pressure and particle
mass concentration

Table 3 shows the effect of static compression
pressure on the pumping performance for mixture Nos.
5 and 7 (see Table 2) with particle mass concentrations
of 10% and 35%, respectively. The pumping capacity for
liquid-solid mixtures increases with static compression



Chin. J. Chem. Eng., Vol. 19, No. 4, August 2011 633

0.9
08+ =0, u=1.21 mPa-s
0.7k 0 Hy=2.78 m, Hy,, (=125 cm
0.6 0 Hy,(=2.78 m, Hy,, =104 cm
0'5 A Hi=2.78 m, Hpy y=85 cm
= 0'4 © Hy=2.78 m, Hyy =127 cm
' — fitting curve
03F
02F
0.1
0 1 1 Il Il 1
0 0.1 0.2 0.3 0.4 0.5
Eugy, /Eupy,
@
08 ¢,=0, #=4.04 mPa-s
0 Hq=2.78 m, Hyy, ,=121 cm
0.7 F 0 Hy=2.78 m, Hy,, ;=103 cm
A Hyq=2.78 m, H,,, ,=86 cm
— fitting curve
< 0or
0.5
0.4
1 1 1 1 1 1
0.004 0.008 0.012 0.016 0.020 0.024 0.028
Euoul/EuDV
©

¢=0, u=1.73 mPa-s
0 H,q=2.78 m, Hy, ,=123 cm
© Hy;q=2.78 m, Hyy, =105 cm
0.7 A Hy =278 m, Hp,, ,=86 cm
— fitting curve

0.8 -

= 0.6
05
0.4
I 1 ! | | i .
0.004 0.008 0.012 0.016 0.020 0.024 0.028
Euom/EuDV
(b)
0.7k ¢.=0, u=7.38 mPa-s
5 0 Hy,=2.78 m, Hy, (=117 cm
0 Hy=2.78 m, H,, ;=100 cm
061 A Hyy=2.78 m, Hpy (=84 cm
= — fitting curve
05
0.4+
0.3 L 1 1
0.01 0.02 0.03 0.04
Euom/EuDV
(d)

Figure 6 Dimensionless performance Eu,./Eu, versus effective lifting factor  (glycerin-water solution, lifting height
2.78-6.74 m, initial liquid level in the DV 84-127 cm, static pressure 0.05-0.20 MPa, and liquid viscosity 1.21-7.38 mPa-s)

Table 3 Effect of compression pressure
on pumping capacity

c/% Povo/MPa Q/L-h™!
10 0.15 50.3
0.20 68.4
0.225 83.5
35 0.15 27.6
0.20 64.6
0.225 80.0

pressure. However, the pumping capacity at ppyo=
0.15 MPa evidently decreases as the particle mass
concentration increases. Further, the decline of pump-
ing capacity in No. 7 system with 35% particle mass
concentration is not significant compared with No. 1
system (seen Fig. 5, liquid system) or No. 5 system
with 10% particle mass concentration when ppyy=
0.20 MPa. This indicates that the resistance created by
particle mass concentration is overcome to a certain
extent when the compression pressure (or jet speed) is
raised.

During the lifting process, an important evalua-
tion indicator is the degree of liquid-solid separation.
Therefore, while in the reverse flow mode, liquid-solid

samples were gathered at the riser tube outlet and
storage tank to determine the particle mass concentra-
tion by filtration. Further, the particle size distribu-
tions were measured using a laser particle size ana-
lyzer. Fig. 7 shows the particle size distribution error
E4 that is calculated as the difference between the in-
tegrated areas of distribution curves. Regardless of the
compression pressure, the particle size distribution
was in good agreement with that of the original mix-
ture and thus indicated no separation phenomenon.

Table 4 shows that the differences in particle
mass concentration for different compression pres-
sures were insignificant, especially at high particle
mass concentration. Since fluid is drawn into the DV
at Port 0 on the bottom plate of the compact pump, the
area surrounding Port 0 is less affected by the stirring
paddles and undergoes a less uniform liquid-solid
mixing. This may explain why the particle mass con-
centration is slightly higher at the riser tube outlet than
at the tank, and £y is also slightly higher for 10% solid
concentration than others. These results indicate that
for liquid-solid mixtures the performance of the com-
pact pneumatic pulse-jet pump is satisfactory.

3.3.2  Effect of viscosity

Figure 8 shows the effect of liquid viscosity on
the pumping performance for mixture Nos. 7-10 (see
Table 2) with a static compression pressure of 0.20 MPa
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Table 4 Particle mass concentration for different
COMpression pressures

/% Povo/MPa Cso/% Ec/%
10 0.15 12.4 24.0
0.20 12.9 29.0
0.225 11.6 16.0
20 0.15 20.1 0.5
0.20 20.8 4.0
0.225 20.4 2.0
35 0.15 36.8 5.1
0.20 342 -23
0.225 38.0 8.6
70
- ,Zs,);,gstg)QO MPa
50| Hyy=6.74m
=40t
S 30l
20
10
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Figure 8 Effect of viscosity on pumping capacity for liquid-
solid mixture

and a lifting height of 6.74 m. The results are similar
to those for pure liquid [see Fig. 4 (a)].

Figure 9 shows the analytical features of particle
size for samples taken at the riser tube outlet and in
the storage tank for mixtures with different viscosities.
The particle size distributions coincide well, since the
maximum value of the particle size distribution error
E4 is only 3.20%. This indicates that no liquid-solid
separation phenomenon occurred with a particle mass
concentration of 35% and a liquid viscosity of 7.28 mPas.

9 -
N
N
N \
g6F
= \
= N\
2 \
3t
>
1 \\\\‘ 1 1 L N
150 200 250 0 50 100 150 200 250

granularity/um

(¢) cs = 35%; Eq=1.43%

(=)}
T

w
T

volume ratio/%

0 50 100 150
granularity/um

(@) u=1.76 mPas, E4=2.61%

200 250

9

N
T
b

w
T
4
v

volume ratio/%

0 50 100 150
granularity/um

(b) 1= 3.61 mPas, Eg=3.20%
9

200 250

volume ratio/%

-,
1 1 I ===

0 50 100 150 200 250
granularity/um

(c) u=10.20 mPas, E4=1.20%
Figure 9 Particle size distributions at riser tube outlet and

in storage tank for different mixture viscosities
— in tank; ———in riser tube outlet

4 CONCLUSIONS

The experimental results demonstrate that for
both liquid and liquid-solid mixture the performance
of the compact pneumatic pulse-jet pump is superior.
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The following are specific conclusions drawn from the
experiments:

(1) Pumping performance is mainly controlled by
jet inertia and flow resistance along the riser tube lo-
cated after the RFD diffuser. When static compression
pressure increases, jet inertia at the RFD nozzle is en-
hanced and pumping capacity increases. As the liquid
viscosity increases, the flow resistance increases and
the pumping capacity decreases. The compact pulse-jet
pump reaches a pumping capacity of 170.7 L-h™' for a
mixture with a high viscosity of 7.38 mPa-s. This in-
dicates that the RFD has a reliable pumping capacity
even for high-viscosity liquids.

(2) Pumping capacity and effective lifting factor
are evidently reduced when lifting height increases.
The capacity of the compact pulse-jet pump reaches
89.6 L-h™' with a lifting height of 6.74 m.

(3) The Euler number ratio and effective lifting
factor describe a non-dimensional performance curve
that depends on the compression pressure, the lifting
height, and the initial level of liquid in the DV, when
the liquid viscosity is fixed. This provides a way to
select or confirm the operating parameters of a com-
pact pneumatic pulse-jet pump.

(4) Particle size distributions were in excellent
agreement with those of the original mixtures for dif-
ferent compression pressures and liquid viscosities,
exhibiting no separation phenomenon during the
pumping experiment. This indicates that for a lig-
uid-solid mixture, the pumping performance of the
compact pneumatic pulse-jet pump is well.

NOMENCLATURE
Cs mass concentration of particles in tank, %
Cse mass concentration of particles in sample from riser tube outlet, %
dpv displacement vessel diameter, mm
dout riser tube outlet diameter, mm
dy RFD nozzle exit diameter, mm
Ec error in particle mass concentration [ = (¢ — ¢5)/¢s%x100], %
Eq error in particle size distribution, %
Eupy Euler number at gas-liquid interface of DV
T Euler number at riser tube outlet
Hpvyp initial liquid level in DV, cm
Hyg lifting height, m
Pov pressure of compression gas in DV, kPa
Povo static compression pressure, MPa
Pout pressure at riser tube outlet, Pa
0] pumping capacity, L-h™"
q suction factor

t compression time, s

1

Upy fluid descent speed in DV, m's™

Uout fluid speed at riser tube outlet, m's™'

Uy fluid speed at RFD nozzle exit, ms™!

Vpy  initial fluid volume in DV, m’

Viipe riser tube volume, m’

Wout fluid quality at riser tube outlet in one pumping cycle, kg

n effective lifting factor

u liquid viscosity, mPa-s

p liquid density, g~cm’3
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