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Gedeon streaming is known to considerably deteriorate the thermal efficiency of a traveling-wave

thermoacoustic engine with looped configuration. The time-average pressure drop induced by a jet

pump can efficiently suppress the Gedeon streaming. In this study, such suppression mechanism of

the jet pump is investigated, and the emphasis is put on the effects of the dimensionless rounding,

the taper angle, and the cross-sectional area ratio. An experimental apparatus has been set up to

measure the time-averaged pressure drop induced by the jet pumps in oscillatory flow. Controlled

experiments and characterization reveal the time-averaged pressure drop and working efficiency

increase with a rise in dimensionless rounding when it is less than 0.15. For jet pumps with the fixed

opening areas, the taper angle in the range from 3� to 9� is capable of producing a larger time-

averaged pressure drop with a higher working efficiency, and the change of taper angle has little

effect on the performance. However, performance degradation is observed as the taper angle

increases beyond 9�. Moreover, when the taper angle ranges from 3� to 9�, the time-averaged pres-

sure drop and working efficiency can be improved by increasing the cross-sectional area ratio.
VC 2017 Acoustical Society of America. https://doi.org/10.1121/1.5004541
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I. INTRODUCTION

Thermoacoustic effect refers to the time-averaged con-

version between thermal energy and acoustic energy due to

the thermal interaction between fluid and solid boundary. A

thermoacoustic engine, based on thermoacoustic effect,

exhibits advantages in its simple configuration and reliability

without moving parts, and is environmentally friendly using

natural working fluids, such as helium, nitrogen, or carbon

dioxide. It also has the potential to be powered by low-grade

thermal energy, which is abundantly available from the

industrial heat emission, the geothermal energy, etc. There

have been extensive investigations on thermoacoustic engine

applications in electrical power generation,1–4 refrigera-

tion,5,6 and water pumping7,8 to name a few.

Compared with a standing-wave thermoacoustic engine,

a traveling-wave thermoacoustic engine has a higher theoret-

ical efficiency due to perfect thermal contact between work-

ing fluid and solid boundary in the regenerator,9 thus

becomes more sought-after. Traveling-wave thermoacoustic

engine was first proposed by Ceperley in 1979.9 In 1999,

Backhaus and Swift10 successfully built a thermoacoustic

Stirling engine, achieving a thermal efficiency of 0.3, which

promoted a rapid development of thermoacoustic

engines.11–15 However, a traveling-wave thermoacoustic

engine usually has a loop configuration, which may cause an

acoustic streaming named as Gedeon streaming.16 The

Gedeon streaming is a time-averaged mass flow superim-

posed on an oscillatory flow, circulating throughout the

looped configuration. It can also cause heat loss and severely

reduces the efficiency of thermoacoustic engines.17–20

Due to the negative effect of the Gedeon streaming, a

“jet pump,” proposed by Backhaus and Swift,10 has been

used in thermoacoustic engines to suppress the Gedeon

streaming. Figure 1 shows the schematic of a typical ther-

moacoustic Stirling engine with a jet pump. A so-called jet

pump above the main cold heat exchanger is characterized

by a tapered hole with different inlet and outlet areas. The

oscillatory flow in thermoacoustic engines switches its direc-

tion in each of the half time periods. As a result, the pressure

drop through the jet pump becomes asymmetric between the

forward and the backward flow, leading to a time-averaged

pressure drop. The Gedeon streaming can be suppressed by a

carefully designed time-averaged pressure drop.

The time-averaged pressure drop induced by a jet pump

is usually calculated by the formula proposed by Backhaus

and Swift,10,21 as shown in Eq. (1). This is based on Iguchi’s

hypothesis22 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:

Dpa ¼
qU2

1;jp

8a2
s

k exp ;s þ
as

ab

� �2

kcon;b

" #(

� kcon;s þ
as

ab

� �2

k exp ;b

" #)
; (1)
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where q is the mean density of working fluid, U1,jp is the vol-

umetric velocity amplitude through the jet pump, as and ab

are the areas of small and big openings of a jet pump. kexp is

the expansion loss coefficient, and kexp¼ 1 when Aloop � as

and ab (Aloop is the area of pipe where the jet pump locates).

kcon is the contraction loss coefficient, and kcon¼ 0.5 when

Aloop� as and ab with a sharp edge. kcon decreases as a func-

tion of rounding radius r at the edge of channel opening.23

Nevertheless, the applicability of Iguchi’s hypothesis on

a jet pump is still controversial.24,25 Moreover, only the

asymmetry of hydrodynamic end effects is involved in Eq.

(1), but the other factors of the channel, which may affect

the performance, lack discussion. In our previous numerical

simulation studies,26 we discovered that the rounding radius

at the edge of the small opening and the taper angle show

significant impact on the jet pump’s performance.

In order to systematically study the resistance character-

istics of the jet pump in oscillatory flow, an experimental

apparatus has been set up to analyze the time-averaged pres-

sure drop induced by the jet pump and its dependence on the

jet pump’s configurations, including the dimensionless

rounding at the edge of the small opening, the taper angle,

and the cross-sectional area ratio, as well as its working effi-

ciency to suppress the Gedeon streaming.

II. EXPERIMENTAL APPARATUS AND DATA
REDUCTION

A. Experimental apparatus

Figure 2 is a schematic of the experimental apparatus

used to investigate the jet pump’s performance. The experi-

mental 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. 3. The main dimensions are tabulated

in Table I. For all samples, the diameter of the small opening

ds is 7 mm (the diameter of the smallest cross section). The

surface roughness, Ra, at which the flow reaches the highest

velocity in the jet pump is 1.6 lm, and it is smaller than the

viscous penetration depth d� (approximately 53 lm). The

dimensionless rounding at the edge of small opening r/ds is

defined as the ratio of rounding radius to diameter of the

small opening. The cross-sectional area ratio ab/as is defined

as the area ratio of the big opening ab to the small opening

as. Nitrogen gas, at a pressure of 3 MPa, is used as the work-

ing fluid in the experiment, and the frequency of the oscilla-

tory flow is 60 Hz.

A resistance-and-compliance (RC) load, which is usu-

ally used for measuring the acoustic power output of ther-

moacoustic engines,10,27 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 pro-

vide resistance in our experimental apparatus. The jacket of

the particle packing chamber is cooled by water to prevent

the overheating, especially for the case with large velocity.

The volume of reservoir Vres is 1 liter.

Six pressure sensors and three thermometers are

arranged in the system as shown in Fig. 2. The pressure sen-

sors P1 and P2 of model 113B28 (PCB PIEZOTRONICS

Inc., Depew, New York) 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 mea-

sured by a two-way differential pressure sensors P3, with the

range from �200 to 200 kPa and the accuracy of 0.2% FS.

The pressure sensors P4 and P5 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

FIG. 1. Schematic of a typical thermoacoustic Stirling engine with a jet

pump.

FIG. 2. Schematic of the experimental apparatus.

FIG. 3. Schematic of the jet pump.
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amplitude in the reservoir is much smaller than that in the

pipe, the pressure sensor P6 of model 106B manufactured by

PCB PIEZOTRONICS Inc., 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 60.1 �C.

B. Data reduction

The pressure drop of oscillatory flow through the jet

pump can be expressed as

Dp tð Þ ¼ 1

2
qku tð Þju tð Þj þ q

ðLjp

0

du tð Þ
dt

dx; (2)

where u(t) is the instantaneous velocity through the small

opening of the jet pump. The second item on the right-hand

side of Eq. (2) presents the inertial effect of jet pump. The

velocity is assumed to be sinusoidal

uðtÞ ¼ u1 sin xt; (3)

where u1 is the velocity amplitude through the small opening

of jet pump, and x is the angular frequency. The time-

averaged pressure drop and the acoustic power loss are

Dpa ¼
ðT

0

DpðtÞdt=T; (4)

DE ¼
ðT

0

DpðtÞU1;jpðtÞdt=T; (5)

where T is the time period.

It is assumed that the resistance coefficient of the work-

ing gas through the jet pump in a direction during their half

time periods is constant. Since u is a periodic function, the

integral over a cycle of the second item on the right-hand

side of Eq. (2) will vanish, therefore the inertance effect of

the jet pump can be ignored here. Substituting Eqs. (2) and

(3) into Eqs. (4) and (5), the time-averaged pressure drop

and the acoustic power loss can be rewritten as

Dpa ¼
ðT=2

0

1

2
kþqu1

2 sin2xtdt

 

�
ðT

T=2

1

2
k�qu1

2 sin2xtdt

!�
T

¼ 1

8
qu1

2 kþ � k�ð Þ; (6)

DE ¼
ðT=2

0

1

2
kþasqu1

3 sin3xtdt

 

�
ðT

T=2

1

2
k�asqu1

3 sin3xtdt

!�
T

¼ as

3p
qu1

3 kþ þ k�ð Þ; (7)

where the kþ 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 Eqs. (6) and (7), kþ and k� can be calcu-

lated by

kþ ¼
3pDEþ 8Dpaasu1

2qu1
3as

; (8)

k� ¼
3pDE� 8Dpaasu1

2qu1
3as

: (9)

In order to evaluate the performance of a jet pump,

three parameters, i.e., the coefficient of time-averaged

resistance ka, the coefficient of overall resistance ktotal, and

the coefficient of effectiveness e, were proposed in our for-

mer work to characterize the ability of the jet pump induc-

ing time-averaged pressure drop.26 The definitions are as

follows:

ka¼

ðT

0

DpdtðT

0

qu2

2
dt

¼

ðT=2

0

qu2

2
kþdt�

ðT

T=2

qu2

2
k�dt

1

4
qu1

2

¼ kþ� k�
2

;

(10)

TABLE I. Main dimensions of the jet pump.

No. r/ds a (�) Ljp (mm) db (mm) ds,o (mm) No. r/ds a (�) Ljp (mm) db (mm) ds,o (mm)

1 0 5 19.3 10.4 7 12 0.3 12 9.4 10 11.2

2 0.05 5 19.3 10.3 7.7 13 0.3 15 8.0 10 11.2

3 0.08 5 19.3 10.3 8.1 14 0.3 20 6.6 10 11.2

4 0.12 5 19.3 10.2 8.7 15 0.3 5 7 7.8 11.2

5 0.15 5 19.3 10.2 9.1 16 0.3 5 10.5 8.4 11.2

6 0.2 5 19.3 10.1 9.8 17 0.3 5 14 9.1 11.2

7 0.25 5 19.3 10.1 10.5 18 0.3 5 28 11.5 11.2

8 0.3 5 19.3 10 11.2 19 0.3 9 7 8.5 11.2

9 0.3 3 30.8 10 11.2 20 0.3 9 11.7 10 11.2

10 0.3 7 14.4 10 11.2 21 0.3 9 14 10.7 11.2

11 0.3 9 11.7 10 11.2 22 0.3 9 22.4 13.4 11.2
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ktotal¼

ðT

0

jDpjdtðT

0

qu2

2
dt

¼

ðT=2

0

qu2

2
kþdtþ

ðT

T=2

qu2

2
k�dt

1

4
qu1

2

¼kþþk�
2

;

(11)

e ¼ Dpa

DE

����
����: (12)

The coefficient of time-averaged resistance ka corre-

sponds to the time-averaged pressure drop Dpa, whereas the

coefficient of overall resistance ktotal corresponds to the total

pressure loss Dptotal. The coefficient of effectiveness e
denotes the time-averaged pressure drop obtained from unit

fluid flow power consumption. In the light of these, a larger

ka means that a jet pump has the higher potential to produce

the time-averaged pressure drop. A larger ktotal implies that a

jet pump will cause the larger overall pressure loss. A jet

pump with a higher e can produce a larger time-averaged

pressure drop with a given flow power consumption, i.e., a

higher working efficiency.

Substituting Eqs. (8) and (9) into Eqs. (10) and (11)

gives

ka ¼
4Dpa

qu1
2
; (13)

ktotal ¼
3pDE

2asqu1
3
: (14)

Based on Eqs. (13) and (14), Eq. (12) can be written as

e ¼ 3pka

8u1asktotal

����
����: (15)

The jet pump with the maximum theoretical working

efficiency would have the minor resistance coefficient

kmin¼ 0. Thus, the maximum theoretical coefficient of effec-

tiveness emax can be calculated by

emax ¼
3p

8u1as

: (16)

Based on the analogy of acoustics and electrics,10 u1 can

be calculated by

u1 ¼
U1;jp

as

¼ qres

ixCresp1;res þ ixC2p1;2

qjpas

¼ qres

ixVresp1;res=pm;res þ ixV2p1;2=pm;pi

cqjpas

; (17)

where Cres and C2 denote acoustic compliances of the reser-

voir and the pipe between the reservoir and the jet pump,

respectively. p1,res and p1,2 are the pressure amplitudes in the

reservoir and in the pipe behind the jet pump, measured by

P6 and P2, respectively. V2 is the volume of the pipe

between the reservoir and jet pump. pm,res and pm,pi are the

mean operating pressures in the reservoir and in the pipe,

measured by P5 and P4, respectively. c is the specific heat

capacity ratio of the working fluid. qres and qjp are the densi-

ties of fluid in the reservoir and in the jet pump, respectively.

The time-averaged pressure drop Dpa can be measured

by P3. The acoustic power loss DE can be calculated by

DE ¼ 1

2
Re p1:1

~U1;1

� �
� 1

2
Re p1:2

~U1;2

� �
; (18)

where p1,1 is the pressure amplitude in the pipe before the jet

pump measured by P1. U1,1 and U1,2 are the volumetric

velocity amplitudes on each side of the jet pump, respec-

tively. The diacritical mark � stands for complex conjugate.

Since the viscosity loss in the pipe is much less than the local

resistance loss of the jet pump, the impact of the acoustic

power loss in pipe is omitted. The volumetric velocity ampli-

tudes on each side of the jet pump U1,1 and U1,2 can be cal-

culated by

U1;1 ¼ U1;jp � qres

ixC1p1;1

qjp

¼ ixVresp1;resqres

cqjppm;res

þ ixqres

V2p1;2 � V1p1;1

cqjppm;pi

; (19)

U1;2 ¼ qres

U1;res � ixC3p1;2

qjp

¼ ixVresqresp1;res

cqjppm;res

� ixqresV3p1;2

cqjppm;pi

; (20)

where C1 and V1 are the acoustic compliance and the volume

of connecting pipe between P1 and jet pump, respectively.

C3 and V3 denote the acoustic compliance and the volume of

connecting pipe between P2 and reservoir, respectively.

For oscillatory flow, Reynolds number can be defined

as28

Re ¼ u1d�q
l

; (21)

where l is the viscosity of the working fluid. In this study,

Re ranges from 2� 103 to 8� 103, which corresponds to the

velocity amplitude through the pipe u1,p within the range

from 1.25 to 5 m/s. Using the definition of Re, the maximum

theoretical coefficient of effectiveness emax can be written as

emax ¼
3pd�q
8Relas

: (22)

The values of maximum theoretical coefficient of effec-

tiveness emax for different Re are shown in Table II. In addi-

tion, the pressure amplitudes at the opening of a jet pump

closed to reservoir p1,2f, and the phase differences between

that pressure and velocity through the jet pump ph(p1,2f)

� ph(u1) for different Re are also listed in Table II. Based on

the study of Ohmi and Iguchi,29 the oscillatory flow trans-

forms to turbulence when Re is larger than the critical value

Rec¼ 305(d/d�)
1/7. In our experiment, Re is always beyond

Rec, indicating that these measurements are in the turbulent

regime where numerical simulations of oscillatory flow are

unreliable. Therefore, measurements in this regime of flow,
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which is of the most interest to thermoacoustic engine, are

essential.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Effect of dimensionless rounding

The dependences of kþ and k� on dimensionless round-

ing r/ds are shown in Fig. 4 (No. 1–8 in Table I). Rounding

at the edge of the small opening has more prominent effect

on k� compared with that on kþ. For the forward flow, a rise

in r/ds will increase the exit cross-sectional area as,o, thus

reducing kþ. Notably, after rounding, even r/ds is 0.05, kþ is

larger than k�. However, for the case without rounding, k�
is slightly larger than kþ, and much larger than that of jet

pump with rounding. In the backward flow, for the case

without rounding, the restraint at the sharp edge of entrance

contracts the flow and the flow separates from the wall. After

separation, there will be a difference between the actual

flowing area and the cross-sectional area of channel, and the

velocity amplitude of the main flow at the exit is much larger

than the theoretical value asu1/ab, which eventually leads to

the increase in the expansion loss. This can explain why k�
of the jet pump without rounding is so large. With the round-

ing, the velocity in the vicinity of the small opening of the

jet pump drops significantly and then becomes more uniform

along the whole tapered channel.26 As a result, k� decreases

visibly after rounding. When r/ds� 0.15, k� changes

slightly. In addition, Re has small influence on kþ and k�,

especially for the jet pump with larger r/ds.

Similarly, ka, ktotal, and e can be plotted as the functions

of r/ds, as shown in Fig. 5. For a jet pump without rounding,

ka is negative, indicating that the pressure drop of the

forward flow is smaller than that of the backward flow. With

rounding at the small opening, even r/ds is 0.05, ka changes

from negative to positive. The time-averaged pressure drop

increases with r/ds in the converging direction, and when

r/ds� 0.15, it decreases slightly. As can be seen from Fig.

5(b), the total pressure loss decreases significantly with

rounding. However, when r/ds� 0.15, the variation becomes

small.

As a result of increasing time-averaged pressure drop

and decreasing total pressure loss caused by rounding, the

TABLE II. The operation parameters and maximum theoretical coefficient

of effectiveness emax for different Re.

Re 2� 103 4� 103 6� 103 7� 103 8� 103

p1,2f (kPa) 13.7 42.7 76.6 97.2 111.7

ph(p1,2f) � ph(u1) (�) �14.7 �22.6 �28.4 �31.1 �33.1

emax (kPa/W) 1.52 0.76 0.51 0.43 0.38

FIG. 4. (Color online) Variations of coefficients of resistance kþ and k�
with r/ds.

FIG. 5. (Color online) Variations of coefficient of time-averaged resistance

ka (a), coefficient of overall resistance ktotal (b), and coefficient of effective-

ness e (c) with r/ds.
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working efficiency of a jet pump can be effectively improved

with a rise in r/ds, especially when r/ds is less than 0.15, as

shown by e in Fig. 5(c). Moreover, for a given r/ds, e
decreases as Re increases. Therefore, to improve the work-

ing efficiency, the designed jet pump should be located at a

position where the fluid velocity is small.

B. Effect of taper angle

The variations of kþ and k� with taper angle a are

depicted in Fig. 6 (Nos. 8–14 in Table I). For a jet pump with

the fixed opening areas, a depends on the length of the jet

pump Ljp. Within the taper angle range of our interest in this

study, the pressure drop in the converging direction is mainly

determined by the jet pump’s opening areas, and in this case,

kþ is insensitive to a. For the backward flow, when a ranges

from 3� to 9�, k� varies little. However, when a is larger than

9�, k� increases notably with a. It can be attributed to the

flow separation from the wall as a becomes larger.26

We also investigated the dependences of ka, ktotal, and e
on a. As presented in Fig. 7, when a ranges from 3� to 9�, ka,

ktotal, and e change slightly with a, which are determined by

the opening areas of both channel ends. Specifically, ka and e
are larger, and ktotal is smaller, which means the jet pump

can induce a larger time-averaged pressure drop with a

higher working efficiency with a in the range from 3� to 9�.
However, as a increases beyond 9�, ka and e reduce dis-

tinctly, whereas ktotal increases, showing noticeable perfor-

mance degradation. In these cases, the performance of the jet

pump is not only affected by the opening areas of both chan-

nel ends, but also affected by a.

C. Effect of cross-sectional area ratio

As mentioned before, when a ranges from 3� to 9�, the

time-averaged pressure drop are determined by the opening

areas of both ends, and the jet pump has a relatively higher

performance. In this section, the influence of cross-sectional

area ratio ab/as on the performance of jet pump is discussed

for the jet pumps with the taper angle from 5� and 9� (Nos.

8, 11, 15–22 in Table I). Figure 8 presents the variations of

kþ and k� with ab/as. For the forward flow, kþ decreases

with increasing ab/as, but the variation is small, as shown in

Fig. 8(a). In the backward direction, k� drops significantly

with a rise in ab/as, and then reaches a plateau when ab/as is

beyond 2.3. In this study, we vary ab/as by changing ab, while

keeping as fixed. For the forward flow through a jet pump in

the converging direction, ab is the channel inlet opening area,

i.e., the compression area, thus increasing ab can reduce theFIG. 6. (Color online) Variations of coefficients of resistance kþ and k� with a.

FIG. 7. (Color online) Variations of coefficient of time-averaged resistance

ka (a), coefficient of overall resistance ktotal (b), and coefficient of effective-

ness e (c) with a.
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compression loss at the channel inlet. This is the reason for

the decreasing kþ with ab/as. For the backward flow, when a
is less than 9�, the main flow does not separate from the wall,

implying the actual flowing area of outlet is closed to the

channel outlet opening area, i.e., the big opening area ab.

Therefore, the expansion area of the outlet increases with a

rise in ab, which can reduce the expansion loss at the channel

outlet and leads to the decrease in k�. Notably, for the same

ab/as, the behavior of the jet pumps with the taper angle of 5�

and 9� are quite similar, especially for the backward direction.

For a given taper angle, ka and e increase, and ktotal

decreases with a rise in ab/as; however, all the variations

become small when ab/as is beyond 2.3, as shown in Fig. 9.

The jet pumps with two different taper angles, i.e., 5� and 9�,
have similar performance for the same ab/as. The results

indicate that the time-averaged pressure drop and the work-

ing efficiency can be improved by increasing ab/as, which is

mainly due to the decrease of pressure drop in the backward

direction with a rise in ab/as. However, as ab/as increases fur-

ther (>2.3), such enhancement becomes negligible.

D. Comparison

In order to compare the prediction by Backhaus and Swift10

with our experimental results, Eq. (1) can be rewritten as

Dpa ¼
qU1;jp

2

4a2
s

ka; (23)

ka¼
1

2
kexp;sþ

as

ab

� �2

kcon;b

" #
� kcon;sþ

as

ab

� �2

kexp;b

" #( )
:

(24)

FIG. 8. (Color online) Variations of coefficients of resistance kþ (a) and

k�(b) with ab/as.

FIG. 9. (Color online) Variations of coefficient of time-averaged resistance

ka (a), coefficient of overall resistance ktotal (b), and coefficient of effective-

ness e (c) with ab/as.
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Equation (24) can be used to calculate ka predicted by

Backhaus and Swift.10 Considering Aloop is not much larger

than as and ab in this study, according to Idelchik’s theory,23

kexp,s¼ (1 � as/Aloop)2, kexp,b¼ (1 � ab/Aloop)2, kcon,b¼ 0.5(1

� ab/Aloop), and when r/ds� 0.2, kcon¼ 0.03. Figure 10 com-

pares the calculations by Eq. (24) with the experimental

results. From Fig. 10(a), the calculations follow the same

trend as the experimental data; that is, ka increases and then

becomes uniform when ab/as is larger than a certain value.

However, the value of ka calculated by Eq. (24) is much

larger than the experimental result for a same ab/as, and the

deviation increases with a, as Fig. 10(b) shows. This com-

parison implies that Eq. (1) can reflect the impart of ab/as in

the calculation of the time-averaged pressure drop induced

by a jet pump. However, the theoretical value overpredicts

the time-averaged pressure drop, especially for the jet pump

with a larger a. The reason may be the flow separation for

the jet pump with a larger a, and the imperfect diffuser

action even though there is no dramatic flow separation for

the jet pump with a smaller a in the backward flow, which is

not included in Eq. (1). This may cause the calculated k� to

be smaller than the experimental value, and finally lead to

the overpredicted ka by Eqs. (1) and (24).

IV. CONCLUSION

In order to study the resistance characteristics of the jet

pump in oscillatory flow, an experimental apparatus has been

set up to investigate the time-averaged pressure drop induced

by the asymmetric flow in the jet pump, as well as its work-

ing efficiency. The emphasis is put on the effects of the

dimensionless rounding at the edge of the small opening, the

taper angle, and the cross-sectional area ratio on the perfor-

mance of jet pump. The experimental results and the corre-

sponding analyses indicate:

(1) Rounding the small opening edge can significantly

decrease the coefficient of resistance in the backward

direction k�, which leads to a higher coefficient of time-

averaged resistance ka, a lower coefficient of overall resis-

tance ktotal, and consequently a higher coefficient of effec-

tiveness e. When the dimensionless rounding at the small

opening r/ds is beyond 0.15, such rounding effect turns out

to be small. In addition, a jet pump should be located at

the position with smaller flow velocity, which is beneficial

to improve the working efficiency of the jet pump.

(2) When the opening areas of both ends are fixed, jet pumps

with the taper angle a in the range from 3� to 9� are

capable of producing a larger time-averaged pressure

drop with a higher working efficiency, indicated by the

relatively higher coefficient of time-averaged resistance

ka and coefficient of effectiveness e. However, when a is

larger than 9�, the coefficient of time-averaged resistance

ka decreases, and the coefficient of overall resistance kto-

tal increases significantly with a rise in a. This can be

attributed to the flow separation from the wall, and the

sequent increase of pressure drop in the diverging direc-

tion. In addition, when a ranges from 3� to 9�, the time-

averaged pressure drop and working efficiency of a jet

pump can be improved by increasing the jet pump’s

cross-sectional area ratio ab/as. However, such improve-

ment becomes less prominent when ab/as increases

beyond a certain value.

(3) Equation (1), proposed by Backhaus and Swift,10 can

present the effect of cross-sectional area ratio ab/as in the

calculation of the jet pump induced time-averaged pres-

sure; however, it will overpredict the time-averaged

pressure drop, especially for the jet pump with a larger

taper angle a.

ACKNOWLEDGMENTS

This work is financially supported by the National

Natural Science Foundation of China (Grant Nos. 51376158

and 51576170) and the National Key Research and

Development Program (Grant No. 2016YFB0901403).

1S. Backhaus, E. Tward, and M. Petach, “Traveling-wave thermoacoustic

electric generator,” Appl. Phys. Lett. 85, 1085–1087 (2004).
2Z. B. Yu, A. J. Jaworski, and S. Backhaus, “Travelling-wave thermoacous-

tic electricity generator using an ultra-compliant alternator for utilization

of low-grade thermal energy,” Appl. Energy 99, 135–145 (2012).
3Z. H. Wu, L. M. Zhang, W. Dai, and E. C. Luo, “Investigation on a 1 kW

traveling-wave thermoacoustic electrical generator,” Appl. Energy 124,

140–147 (2014).

FIG. 10. (Color online) Comparison of calculated results and experimental

results for ka with ab/as (a) and a (b).

J. Acoust. Soc. Am. 142 (4), October 2017 Feng et al. 1737

https://doi.org/10.1063/1.1781739
https://doi.org/10.1016/j.apenergy.2012.04.046
https://doi.org/10.1016/j.apenergy.2014.02.063


4T. J. Bi, Z. H. Wu, L. M. Zhang, G. Y. Yu, E. C. Luo, and W. Dai,

“Development of a 5 kW traveling-wave thermoacoustic electric gener-

ator,” Appl. Energy 185, 1355–1361 (2017).
5S. Hasegawa, T. Yamaguchi, and Y. Oshinoya, “A thermoacoustic refrig-

erator driven by a low temperature-differential, high-efficiency multistage

thermoacoustic engine,” Appl. Therm. Eng. 58, 394–399 (2013).
6L. M. Zhang, J. Y. Hu, Z. H. Wu, E. C. Luo, J. Y. Xu, and T. J. Bi, “A 1

kW-class multi-stage heat-driven thermoacoustic cryocooler system oper-

ating at liquefied natural gas temperature range,” Appl. Phys. Lett. 107,

033905 (2015).
7C. N. Markides and A. Gupta, “Experimental investigation of a thermally

powered central heating circulator: Pumping characteristics,” Appl.

Energy 110, 132–146 (2013).
8O. A. Oyewunmi, C. J. W. Kirmse, A. J. Haslam, E. A. M€uller, and C. N.

Markides, “Working-fluid selection and performance investigation of a

two-phase single-reciprocating-piston heat-conversion engine,” Appl.

Energy 186, 376–395 (2017).
9P. H. Ceperley, “A pistonless Stirling engine—The traveling wave heat

engine,” J. Acoust. Soc. Am. 66, 1508–1513 (1979).
10S. Backhaus and G. W. Swift, “A thermoacoustic-Stirling heat engine:

Detailed study,” J. Acoust. Soc. Am. 107, 3148–3166 (2000).
11G. Y. Yu, E. C. Luo, W. Dai, and Z. H. Wu, “An energy-focused thermoa-

coustic-Stirling heat engine reaching a high pressure ratio above 1.40,”

Cryogenics 47, 132–134 (2007).
12T. Jin, C. S. Mao, K. Tang, H. Zheng, and G. B. Chen, “Characteristics

study on the oscillation onset and damping of a traveling-wave thermoa-

coustic prime mover,” J. Zhejiang Univ. Sci. A 9, 944–949 (2008).
13K. de Blok, “Novel 4-stage traveling wave thermoacoustic power gener-

ator,” in Proceedings of the Fluids Engineering Division Summer
Conference, Montreal, Canada (August 1–5, 2010), pp. 73–79.

14M. E. H. Tijani and S. Spoelstra, “A high performance thermoacoustic

engine,” J. Appl. Phys. 110, 093519 (2011).
15A. S. Abduljalil, Z. B. Yu, and A. J. Jaworski, “Design and experimental

validation of looped-tube thermoacoustic engine,” J. Therm. Sci. 20,

423–429 (2011).
16D. Gedeon, “DC gas flows in Stirling and pulse tube cryocoolers,” in

Cryocoolers 9, edited by R. G. Ross, Jr. (Plenum Press, New York, 1997),

pp. 385–392.

17V. Gusev, S. Job, H. Bailliet, P. Lotton, and M. Bruneau, “Acoustic

streaming in annular thermoacoustic prime-movers,” J. Acoust. Soc. Am.

108, 934–945 (2000).
18G. Y. Yu, E. C. Luo, W. Dai, and J. Y. Hu, “Study of nonlinear processes

of a large experimental thermoacoustic–Stirling heat engine by using com-

putational fluid dynamics,” J. Appl. Phys. 102, 074901 (2007).
19T. Biwa, Y. Tashiro, M. Ishigaki, Y. Ueda, and T. Yazaki, “Measurements

of acoustic streaming in a looped-tube thermoacoustic engine with a jet

pump,” J. Appl. Phys. 101, 064914 (2007).
20K. Tang, Y. Feng, T. Jin, S. H. Jin, M. Li, and R. Yang, “Effect of Gedeon

streaming on thermal efficiency of a travelling-wave thermoacoustic

engine,” Appl. Therm. Eng. 115, 1089–1100 (2017).
21P. Yang, Y. W. Liu, and G. Y. Zhong, “Prediction and parametric analysis

of acoustic streaming in a thermoacoustic Stirling heat engine with a jet

pump using response surface methodology,” Appl. Therm. Eng. 103,

1004–1013 (2016).
22M. Iguchi, M. Ohmi, and K. Meagawa, “Analysis of free oscillatory flow

in a U-shaped tube,” Bull. JSME 25, 1398–1405 (1982).
23I. E. Idelchik, Handbook of Hydraulic Resistance, 3rd ed. (Begell House,

New York, 1996).
24A. Petculescu and L. A. Wilen, “Oscillatory flow in jet pumps:

Nonlinear effects and minor losses,” J. Acoust. Soc. Am. 113,

1282–1292 (2003).
25J. P. Oosterhuis, S. B€uhler, T. H. van der Meer, and D. Wilcox, “A numer-

ical investigation on the vortex formation and flow separation of the oscil-

latory flow in jet pumps,” J. Acoust. Soc. Am. 137, 1722–1731 (2015).
26K. Tang, Y. Feng, S. H. Jin, T. Jin, and M. Li, “Performance comparison

of jet pumps with rectangular and circular tapered channels for a loop-

structured traveling-wave thermoacoustic engine,” Appl. Energy 148,

305–313 (2015).
27K. Tang, Z. J. Huang, T. Jin, and G. B. Chen, “Influence of acoustic pres-

sure amplifier dimensions on the performance of a standing-wave ther-

moacoustic system,” Appl. Therm. Eng. 29, 950–956 (2009).
28B. L. Smith and G. W. Swift, “Power dissipation and time-averaged pres-

sure in oscillatory flow through a sudden area change,” J. Acoust. Soc.

Am. 113, 2455–2463 (2003).
29M. Ohmi and M. Iguchi, “Critical Reynolds number in an oscillating pipe

flow,” Trans. Jpn. Soc. Mech. Eng. B 25, 165–172 (1982).

1738 J. Acoust. Soc. Am. 142 (4), October 2017 Feng et al.

https://doi.org/10.1016/j.apenergy.2015.12.034
https://doi.org/10.1016/j.applthermaleng.2013.04.030
https://doi.org/10.1063/1.4927428
https://doi.org/10.1016/j.apenergy.2013.03.030
https://doi.org/10.1016/j.apenergy.2013.03.030
https://doi.org/10.1016/j.apenergy.2016.05.008
https://doi.org/10.1016/j.apenergy.2016.05.008
https://doi.org/10.1121/1.383505
https://doi.org/10.1121/1.429343
https://doi.org/10.1016/j.cryogenics.2006.12.001
https://doi.org/10.1631/jzus.A0820061
https://doi.org/10.1063/1.3658872
https://doi.org/10.1007/s11630-011-0490-5
https://doi.org/10.1121/1.1287023
https://doi.org/10.1063/1.2784997
https://doi.org/10.1063/1.2713360
https://doi.org/10.1016/j.applthermaleng.2017.01.054
https://doi.org/10.1016/j.applthermaleng.2016.04.157
https://doi.org/10.1299/jsme1958.25.1398
https://doi.org/10.1121/1.1543932
https://doi.org/10.1121/1.4916279
https://doi.org/10.1016/j.apenergy.2015.03.092
https://doi.org/10.1016/j.applthermaleng.2008.05.001
https://doi.org/10.1121/1.1564022
https://doi.org/10.1121/1.1564022
https://doi.org/10.1299/jsme1958.25.165

	s1
	d1
	l
	n1
	s2
	s2A
	f1
	f2
	f3
	s2B
	d2
	d3
	d4
	d5
	d6
	d7
	d8
	d9
	d10
	t1
	d11
	d12
	d13
	d14
	d15
	d16
	d17
	d18
	d19
	d20
	d21
	d22
	s3
	s3A
	t2
	f4
	f5
	s3B
	s3C
	f6
	f7
	s3D
	d23
	d24
	f8
	f9
	s4
	c1
	c2
	c3
	f10
	c4
	c5
	c6
	c7
	c8
	c9
	c10
	c11
	c12
	c13
	c14
	c15
	c16
	c17
	c18
	c19
	c20
	c21
	c22
	c23
	c24
	c25
	c26
	c27
	c28
	c29

