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Abstract

Gedeon streaming, a time-averaged mass flow circulating throughout the loop configuration in the oscillating flow, can
considerably deteriorate the thermal efficiency of traveling-wave thermoacoustic engine. Jet pump is characterized by a tapered
channel with different inlet and outlet areas. It can produce a time-averaged pressure drop to suppress Gedeon streaming. In this
study, the suppression mechanism of the jet pump in oscillatory flow is investigated, and the emphasis is put on the effect of
cross-sectional area ratio on the performance of jet pumps with different taper angles. An experimental apparatus has been built
to measure the time-averaged pressure induced by the jet pump. When the taper angle ranges from 3° to 9°, the time-averaged
pressure drop and working efficiency can be improved by increasing cross-sectional area ratio, and the change of taper angle has
little effect on the performance of jet pumps. However, as the taper angle increases beyond 9°, the performance of jet pump with
a large cross-sectional area ratio degrades considerably. In addition, the time-averaged pressure drops induced by the jet pumps
with different cross-sectional area ratios are similar, and the taper angle becomes more dominant for jet pump’s performance.
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1. Introduction

The high demand of global energy consumption and the everlasting shortage in supply have imposed us with the
challenge to improve the usability of low-grade thermal energy. A thermoacoustic engine based on thermoacoustic
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effect is an attractive solution due to its high reliability and longevity as it has no moving parts. It is also
environmentally friendly using natural working fluids, such as helium, nitrogen or carbon dioxide. There have been
extensive research and development effort on thermoacoustic engine applications in electrical power generation [1],
refrigeration [2], and water pumping [3].

Due to the perfect thermal contact between working fluid and solid boundary in the regenerator, a traveling-wave
thermoacoustic engine is theoretically more efficient than a standing-wave one [4], thus has more development
prospect [5]. However, a traveling-wave thermoacoustic engine usually has a loop configuration, which may cause
an acoustic streaming named as Gedeon streaming [6]. The Gedeon streaming is a time-averaged mass flow
superimposed on an oscillatory flow, circulating throughout the looped configuration, and it can cause heat loss and
severely reduces the efficiency of thermoacoustic engines [7,8].

A “jet pump”, proposed by Backhaus and Swift [5], has been used in thermoacoustic engines to suppress the
Gedeon streaming. The jet pump is characterized by a tapered hole with different inlet and outlet areas, which can
induce a time-averaged pressure drop in oscillatory flow, because the pressure drop through the jet pump is
asymmetric between the forward and the backward flow. Such a time-averaged pressure drop can suppress the
Gedeon streaming. So far, the time-averaged pressure drop induced by a jet pump is usually calculated by the
formula proposed by Backhaus and Swift [5,9]. This is based on Iguchi’s hypothesis [10] that the oscillating fluid
with large amplitude has no memory on the previous flow at any point, and the flow at each time can be seen as a
quasi-static flow. However, the applicability of the Iguchi’s hypothesis on a jet pump is still controversial [11,12].

In order to study the resistance characteristics of the jet pump in oscillatory flow, an experimental apparatus has
been set up to analyze the time-averaged pressure drop induced by the jet pump. The emphasis is put on the effect of
cross-sectional area ratio on the performance of jet pumps with different taper angles.

2. Experimental apparatus and data reduction

2.1. Experimental apparatus

Fig. 1 is the schematic of experimental apparatus used to investigate jet pump’s performance. The experimental
apparatus consists of a linear compressor, a tested jet pump, a particle packing chamber and a reservoir. The tested
jet pump is a stainless steel cylinder with a tapered hole, as shown in Fig. 2. The main dimensions are tabulated in
Table 1. For all samples, the ratio of rounding radius to diameter of the small opening 7/d;is 0.3. The cross-sectional
area ratio ap/a is defined as the area ratio of the big opening a;, to the small opening a;.
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Fig. 1. Schematic of the experimental apparatus Fig. 2. Schematic of the jet pump

Table 1. Main dimensions of the jet pump

No. a (°) ay /ag ds (mm) dy, (mm) Ljp(mm) No. o (°) ay /a ds (mm) d, (mm) Ljp (mm)

1 3 2.04 7 10 30.8 9 9 1.78 6 8 83

2 5 2.04 7 10 19.3 10 12 1.78 6 8 6.7

3 7 2.04 7 10 14.4 11 3 1.49 9 11 21.8
4 9 2.04 7 10 11.7 12 5 1.49 9 11 14.3

5 12 2.04 7 10 9.4 13 7 1.49 9 11 11

6 3 1.78 6 8 20.4 14 9 1.49 9 11 9.2

7 5 1.78 6 8 13.3 15 12 1.49 9 11 7.7

8 7 1.78 6 8 10.1
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A resistance-and-compliance (RC) load, which is usually used for measuring the acoustic power output of
thermoacoustic engines [5], is adopted to characterize the velocity amplitude through the jet pump. The RC load
often takes the form of a needle valve combined with a reservoir. The opening of the needle valve is very small,
which may affect the flow field inside the pipe substantially. Here, the particle packing instead of the needle valve is
used to provide resistance in our experimental apparatus. The volume of reservoir V. is 1 liter. Nitrogen gas, at a
pressure of 3 MPa, is used as the working fluid in the experiment, and the frequency of the oscillatory flow is 60 Hz.

Six pressure sensors and three thermometers are arranged in the system as shown in Fig. 2. The pressure sensors
P1 and P2 are located at a same distance of 6D (the diameter of the pipe D is 28 mm) on each side of the jet pump to
measure the dynamic pressure, with an accuracy of 3.447 kPa. The pressure drop of the working gas is measured by
a two-way differential pressure sensors P3, with the range of —200 to 200 kPa and the accuracy of 0.2% FS. The
pressure sensors P4 and PS5 are used to measure the mean pressure in the pipe and the reservoir, with the range of
0—5 MPa and the accuracy of 0.2% FS. Since the pressure amplitude in the reservoir is much smaller than that in the
pipe, the pressure sensor P6, with an accuracy of 0.57 kPa, is used to measure the dynamic pressure in the reservoir.
The temperatures of the working gas at each end of the jet pump, as well as that in the reservoir, are measured by
three sheathed PT100 platinum resistance thermometers (i.e., T1, T2 and T3), with accuracies of £0.1 °C.

2.2. Data reduction

The time-averaged pressure drop and the acoustic power loss can be rewritten as

1

Ap, =§,0u]2 (k+—k7) (1)
a

AE = pu’ (k, +k.) 2

where p is the mean density of working fluid, the k. represents the resistance coefficient of forward fluid flow, i.e.,
the flow in the converging direction, while the k. means the resistance coefficient of backward fluid flow, i.e., the
flow in the diverging direction.

According to Egs. (1) and (2), k. and £_ can be calculated by

b - 37AE +8Ap,au, 3)
’ 2pu’a,

i = 37AE —8Ap,a.u, 4)
2pu’a,

In order to evaluate the performance of a jet pump, three parameters, i.e., the coefficient of time-averaged
resistance k,, the coefficient of overall resistance ki, and the coefficient of effectiveness ¢, were proposed in our
former work to characterize the ability of the jet pump inducing time-averaged pressure drop [13]. The definitions
are as follows
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The coefficient of time-averaged resistance &, corresponds to the time-averaged pressure drop Ap,, whereas the
coefficient of overall resistance ki, corresponds to the total pressure loss Ap.. The coefficient of effectiveness &
denotes the time-averaged pressure drop obtained from unit fluid flow power consumption. In the light of these, a
larger k, means that a jet pump has the higher potential to produce the time-averaged pressure drop. A larger ki,
implying the larger overall pressure loss, is not expected. A jet pump with a higher ¢ can produce a larger time-
averaged pressure drop with a given flow power consumption, i.e., a higher working efficiency. The coefficient of
effectiveness ¢ can be calculated by Eq. (7). Substituting Egs. (3) and (4) into Egs. (5) and (6) gives

4A
k=22 (®)
PU
37AE
total = 7[—3 (9)
2a,pu,
Based on the analogy of acoustics and electrics [5], «; can be calculated by
|4 +7V, .
ul — ia)pres respl,res /pm,res 2p] 2 /pm,pl (10)

ypjpas

where wis the angular frequency, U, j, is the volumetric velocity amplitude through the jet pump, C,; and C, denote
acoustic compliances of the reservoir and the pipe between the reservoir and the jet pump, respectively. p; rs and p;,
are the pressure amplitudes in the reservoir and in the pipe behind the jet pump, measured by P6 and P2,
respectively. V, is the volume of the pipe between the reservoir and jet pump. py, s and py, i are the mean operating
pressures in the reservoir and in the pipe, measured by P5 and P4, respectively. y is the specific heat capacity ratio of
the working fluid. p.; and pj, are the densities of fluid in the reservoir and in the jet pump, respectively.

The time-averaged pressure drop Ap, can be measured by P3. The acoustic power loss AE can be calculated by

AE:%Re(pl.lﬁl,l)_%Re(p],ZUI,Z) (11)

where p, ; is the pressure amplitude in the pipe before the jet pump measured by P1. U, ; and U, , are the volumetric
velocity amplitudes on each side of the jet pump, respectively. Diacritical mark ~ stands for complex conjugate. The
volumetric velocity amplitudes on each side of the jet pump U, ; and U, , can be calculated by

OV D) o5 Pros v -V
Ul,l — l respl,respreb +l'60pres 2p1,2 lpl,l (12)
Pip P res YPip P pi

inres Pres P Jres ia)pres £ p ,
(JL2 _ 1 _ 312 (13)
ypjppm,res 7pjppm,pi

where C; and Vj are the acoustic compliance and the volume of connecting pipe between P1 and jet pump,
respectively. C; and V5 denote the acoustic compliance and the volume of connecting pipe between P2 and reservoir,
respectively.
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For oscillatory flow, Reynolds number can be defined as Re=u;d,p/u [14], where o, is the viscous penetration
depth, u is viscosity of the working fluid. Based on the study of Ohmi and Iguchi, the oscillatory flow transforms to
turbulence when Re is larger than the critical value Re,=305(c/4,)"” [15]. In our experiment, Re is 4x10°, which is
beyond to Re,, indicating that the flow is in the turbulent region.

3. Experimental results and discussion

The variations of &, and £_ with cross-sectional area ratio ay/a, for different taper angle a are shown in Fig. 3. For
the forward flow, &, has a little decrease with a rise in ay/a,, as shown Fig. 3(a). In addition, for a given ay/as, the
variation of a has little effect on k.. For the backward flow, the effect of a,/a; on k_ is related to «. When a ranges
from 3° to 9°, k_ decreases visibly with ay/as, since the local resistance losses through the inlet and outlet openings
in the backward flow can be reduced by increasing ay/as. For the jet pumps with o of 12°, k_ changes slightly with
ay/a,. For the backward flow, i.e., the flow in the diverging direction, the flow may separate from the wall as a
becomes larger [13], resulting in the big opening area of jet pump is larger than the actual flowing area, which
eventually causes the increase in the expansion loss, and the increase in k_. For the case with ap/as=1.49, k_of the jet
pump with a of 12° is closed to that with o in the range of 3° to 9° indicating that thereis no flow
separation. However, for a larger ay/a,, k- increases visibly for the jet pump with o of 12°, implying the flow
separates from the wall, and there is a difference between the actual flowing area and the cross-sectional area of
channel. Moreover, the increase of ay/a has little effect on k_, and o becomes more dominant.

Fig. 4 presents the functions of k,, ki and & with ay/ag for different a. When o ranges from 3° to 9°, &, and ¢
increase, and ki, decreases with a rise in ay/a;, which means the time-averaged pressure drop and the working
efficiency can be improved by increasing ay/as, and the change of a has little effect on the performance. However, as
a increases to 12°, for the jet pump with a larger ay/as, the time-averaged pressure drop and the working efficiency
decrease, and the total pressure loss increases, indicated by the decreases of &, and ¢, and the increase of k. And

a o —— b 1.0 ——
3 m
08} . . 08} 3 i .
u ! 9 v
oer i 061 120 7
" -~
0413 m g 04+ 4 * * E
5 0 v
0217 4 - 02t 8 .
9° v
00 ]20 1 * 1 1 1 1 1 1 00 1 1 1 1 1 1 1
14 15 16 1.7 18 19 20 21 22 14 15 16 1.7 18 19 20 21 22
ala ala

b s b s

Fig. 3. Variations of coefficients of resistance (a) &+ and (b) k- with ay/a, for different a.
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Fig. 4. Variations of (a) coefficient of time-averaged resistance k,, (b) coefficient of overall resistance ki1 and (c) coefficient of effectiveness &
with ay/as for different o.
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the deteriorate shows a rising trend with the increase of ay/a;, which finally results in the jet pumps with different
ay/asat a=12° have similar performance. Therefore, during the jet pump design, ay/asshould be larger with « in the
range of 3° to 9°, which is benefit to improve the jet pump’s performance.

4. Conclusion

In order to study the resistance characteristics of the jet pump in oscillating flow, an experimental apparatus has
been set up to analyze the time-averaged pressure drop and the working efficiency of the jet pump, and the effect of
cross-sectional area ratio ap/as on the performance of jet pumps with different taper angle a has been probed. The
experimental results show that when a ranges from 3° to 9°, the time-averaged pressure drop and the working
efficiency increase, and the total pressure loss decreases with a rise in ay/a,, indicated by the increases of k, and ¢,
and the decrease of k. Moreover, the change of o has little effect on the jet pump’s performance. However, as a
increases beyond 9°, for the jet pump with a larger ay/as, the performance of jet pump degrades considerably. This
can be attributed to the flow separation from the wall in the diverging direction as a becomes larger, which
lowers the effect of ay/a; on the performance of jet pump. In addition, the time-averaged pressure drops induced by
the jet pumps with different cross-sectional area ratios at taper angle of 12° are similar, and the taper angle becomes
more dominant for jet pump’s performance.
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