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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.
© 2017 Acoustical Society of America. https://doi.org/10.1121/1.5004541

[JDM]

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,' ™ refrigera-
tion,”* and water pumping’® 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,” thus
becomes more sought-after. Traveling-wave thermoacoustic
engine was first proposed by Ceperley in 1979.° In 1999,
Backhaus and Swift'® successfully built a thermoacoustic
Stirling engine, achieving a thermal efficiency of 0.3, which
promoted a rapid development of thermoacoustic
engines.''™'> However, a traveling-wave thermoacoustic
engine usually has a loop configuration, which may cause an
acoustic streaming named as Gedeon streaming.'® The
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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.'’ 2

Due to the negative effect of the Gedeon streaming, a
“jet pump,” proposed by Backhaus and Swift,'® 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,'">?' as shown in Eq. (1). This is based on Iguchi’s
hypothesis* 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:

pU; as\ >
Apa = Lip { kexp s T (a_b) kcon,b]

8a?
as\?
- kcon,s + () kexp,b ) (1)
Ap

© 2017 Acoustical Society of America
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FIG. 1. Schematic of a typical thermoacoustic Stirling engine with a jet
pump.

where p is the mean density of working fluid, U, j, is the vol-
umetric velocity amplitude through the jet pump, a¢ and ay,
are the areas of small and big openings of a jet pump. ke, is
the expansion loss coefficient, and key, = 1 when Ajqop > ag
and ay, (Ajeep is the area of pipe where the jet pump locates).
keon 18 the contraction loss coefficient, and k.., =0.5 when
Ajoop > as and ay, with a sharp edge. k.o decreases as a func-
tion of rounding radius 7 at the edge of channel opening.**

Nevertheless, the applicability of Iguchi’s hypothesis on
a jet pump is still controversial.>*** 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.

Il. 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
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FIG. 2. Schematic of the experimental apparatus.

hole, as shown in Fig. 3. The main dimensions are tabulated
in Table I. For all samples, the diameter of the small opening
d, is 7mm (the diameter of the smallest cross section). The
surface roughness, R,, at which the flow reaches the highest
velocity in the jet pump is 1.6 um, and it is smaller than the
viscous penetration depth 0, (approximately 53 yum). The
dimensionless rounding at the edge of small opening r/d; is
defined as the ratio of rounding radius to diameter of the
small opening. The cross-sectional area ratio ap/a is defined
as the area ratio of the big opening a, to the small opening
a,. 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,'®?’ 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 V. 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 3.447kPa. The pressure drop of the working gas is mea-
sured by a two-way differential pressure sensors P3, with the
range from —200 to 200kPa 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

FIG. 3. Schematic of the jet pump.
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TABLE I. Main dimensions of the jet pump.

No. rldy o (%) L, (mm) dy, (mm) dy , (mm) No. rld, o (°) L, (mm) dy, (mm) ds , (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 7 144 10 11.2 21 0.3 9 14 10.7 11.2
11 0.3 9 11.7 10 11.2 22 0.3 9 224 13.4 11.2
amplitude in the reservoir is much smaller than that in the T/2 4
pipe, the pressure sensor P6 of model 106B manufactured by Ap, = J §k+pu12 sin*wrdt
PCB PIEZOTRONICS Inc., with an accuracy of 0.57 kPa, is 0
used to measure the dynamic pressure in the reservoir. The T 2 . 9
. . — —k_pu,” sin”wtdt T
temperatures of the working gas at each end of the jet pump, JT 12 /
as well as that in the reservoir, are measured by three 1
sheathed PT100 platinum resistance thermometers (i.e., T1, = 3 pulz(k+ —k_), (6)
T2, and T3), with accuracies of 0.1 °C.
T/2 |
AE = J —kyaspuy® sin wrdt
B. Data reduction o 2
The pressure drop of oscillatory flow through the jet _ JT 1 k_agpuy® sin® cutdt) / T
pump can be expressed as /22
as
Lip =—pu;” (ky +k_), 7
8p(0) = 3 pka0fato)] + [ "o 0 @ a6 )

where u(?) 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

u(t) = uy sin wt, 3)

where u; is the velocity amplitude through the small opening
of jet pump, and @ is the angular frequency. The time-
averaged pressure drop and the acoustic power loss are

T

ap.= | Aplojanr, @)
0
T

AE = L Ap(0)Ur (1)t 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 Egs. (2) and
(3) into Egs. (4) and (5), the time-averaged pressure drop
and the acoustic power loss can be rewritten as
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where 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. (6) and (7), k. and k_ can be calcu-
lated by

3nAE + 8Ap,a;
k+ = t 2+ 3 Dt 9 (8)
puiiag
b = 3nAE — 8Ap,asu . ©)

2puiiag

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 k., and
the coefficient of effectiveness ¢, were proposed in our for-
mer work to characterize the ability of the jet pump induc-
ing time-averaged pressure drop.”® The definitions are as
follows:

T T/2 .2 T 2
J Apdi J &lthfj P
0

gty 2 S kek
pu 2
—dr ~pu
L 2 4™

(10)
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T T/2 MZ T uZ
|Apdt J ka+dt+J Pk
_Jo

b0 T2 2 ki t+ko
total — T ) - 1 - ) )

pu 2

—dr “pu;

Jo 2 4
(11
Apa

= . 12
€ ’AE (12)

The coefficient of time-averaged resistance k, corre-
sponds to the time-averaged pressure drop Ap,, whereas the
coefficient of overall resistance k., corresponds to the total
pressure loss Apg. 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 k., implies that a
jet pump will cause the larger overall pressure loss. 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.

Substituting Egs. (8) and (9) into Egs. (10) and (11)
gives

4Ap,
=— 13
e (13)
3nAE
kiotal = ——— . 14
o = 5 (14)

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

31k,

P (15)
8uaskiotal

&E =

The jet pump with the maximum theoretical working
efficiency would have the minor resistance coefficient
kmin = 0. Thus, the maximum theoretical coefficient of effec-
tiveness &nax can be calculated by

3n

) 16
8uyag (16)

Emax =

Based on the analogy of acoustics and electrics,'® 1, can
be calculated by

- Ul,jp o I0CresP1 res + ichpl,Z
1= = )
as res Pipds
10OV es iV, i
= Dres respl.res/pm,res + 2p1,2/pm,p1 7 (17)

ijpas

where C,.s and C, denote acoustic compliances of the reser-
voir and the pipe between the reservoir and the jet pump,
respectively. p; s 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, res 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
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capacity ratio of the working fluid. p,.s and pj, are the densi-
ties 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

1 ~ 1 -
AEZERG(PMUM) *QRG(P1.2U1,2)7 (18)

where p;  is the pressure amplitude in the pipe before the jet
pump measured by Pl. U;; and U, 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 U, ; and U, , can be cal-
culated by

ioCp
Ul,l = Ul-,jp T Pres™
p
_ iwvrespl,respres OPres VZPAI 2= lel,l , (19)
ypjppm,res })pjppnnpi
o Ul,res - Z.(UC3pl,2
U1,2 = Pres™—
Pip
— iwvresprespl,res _ iwpresv3p1,2 ’ (20)
YPipPmres 7PjpPm,pi

where C; and V are the acoustic compliance and the volume
of connecting pipe between P1 and jet pump, respectively.
C5 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

2
a58

Re = “19P Q1)
I

where p is the viscosity of the working fluid. In this study,
Re ranges from 2 x 10° to 8 x 10°, which corresponds to the
velocity amplitude through the pipe u;, within the range
from 1.25 to 5m/s. Using the definition of Re, the maximum
theoretical coefficient of effectiveness ¢, can be written as

B 31d,p
~ 8Reuas’

(22)

Smax

The values of maximum theoretical coefficient of effec-
tiveness &, for different Re are shown in Table II. In addi-
tion, the pressure amplitudes at the opening of a jet pump
closed to reservoir p; »f, and the phase differences between
that pressure and velocity through the jet pump ph(p; 2p)
— ph(u,) for different Re are also listed in Table II. Based on
the study of Ohmi and Iguchi,® the oscillatory flow trans-
forms to turbulence when Re is larger than the critical value
Re.= 305(d/5,,)1/7. In our experiment, Re is always beyond
Re,, 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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TABLE II. The operation parameters and maximum theoretical coefficient
of effectiveness ¢,,x for different Re.

Re 2x10° 4x10° 6x10° 7x10° 8x10°
P1or (kPa) 13.7 427 76.6 97.2 111.7
ph(prop) — ph(uy) ) —147  —226  —284  —31.1  —33.1
Emax (KPa/W) 1.52 0.76 0.51 0.43 0.38

which is of the most interest to thermoacoustic engine, are
essential.

lll. EXPERIMENTAL RESULTS AND DISCUSSION
A. Effect of dimensionless rounding

The dependences of k. 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 k. For the forward flow, a rise
in r/ds will increase the exit cross-sectional area as,, thus
reducing k., Notably, after rounding, even r/d; is 0.05, k. is
larger than k_. However, for the case without rounding, k_
is slightly larger than k., 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 a,u;/a,, 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.*® As a result, k_ decreases
visibly after rounding. When r/d,>0.15, k_ changes
slightly. In addition, Re has small influence on &k, and k_,
especially for the jet pump with larger r/d.

Similarly, k,, ka1, and € can be plotted as the functions
of r/d, as shown in Fig. 5. For a jet pump without rounding,
k, is negative, indicating that the pressure drop of the

25 T % T i T L T 2 T % T = T
k, k.

2.0 Re=2x10° = o 4
I Re=4x10> @ ©

151 Re=6x10" & & |
o Re=7x10° v v
-~ Re=8x10> & ©

I ’ L o .

0.5 F 8 o -

8 8 B B o]

1 " 1 1 1 " 1 1 1 " 1 1 1

0.0
0.00 005 0.10 0.15 020 025 0.30
r/dS

FIG. 4. (Color online) Variations of coefficients of resistance k, and k_
with r/d;.
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FIG. 5. (Color online) Variations of coefficient of time-averaged resistance
k. (a), coefficient of overall resistance k. (b), and coefficient of effective-
ness ¢ (c) with r/d;.

forward flow is smaller than that of the backward flow. With
rounding at the small opening, even r/d is 0.05, k, changes
from negative to positive. The time-averaged pressure drop
increases with r/dg 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/d; > 0.15, the variation becomes
small.

As a result of increasing time-averaged pressure drop
and decreasing total pressure loss caused by rounding, the

Feng et al.



working efficiency of a jet pump can be effectively improved
with a rise in 7/d,, especially when r/d; is less than 0.15, as
shown by ¢ in Fig. 5(c). Moreover, for a given r/d;, ¢
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 k. and k_ with taper angle o are
depicted in Fig. 6 (Nos. 8—14 in Table I). For a jet pump with
the fixed opening areas, o depends on the length of the jet
pump L;,. 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,
k. is insensitive to o. For the backward flow, when o ranges
from 3° to 9°, k_ varies little. However, when « is larger than
9°, k_ increases notably with «. It can be attributed to the
flow separation from the wall as « becomes larger.*®

We also investigated the dependences of k,, ko1, and ¢
on o. As presented in Fig. 7, when o ranges from 3° to 9°, k,,
kiotal, and & change slightly with o, which are determined by
the opening areas of both channel ends. Specifically, k, and ¢
are larger, and k., 1S smaller, which means the jet pump
can induce a larger time-averaged pressure drop with a
higher working efficiency with « in the range from 3° to 9°.
However, as o increases beyond 9°, k, and ¢ reduce dis-
tinctly, whereas k., 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 o.

C. Effect of cross-sectional area ratio

As mentioned before, when o 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 ap/a, 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
k. and k_ with ap/as. For the forward flow, k, decreases

2.0 ' T i T y T z T
k. k.
[ Re=2x10° m ©
1.5 FRe=4x10° @ © .
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FIG. 6. (Color online) Variations of coefficients of resistance k, and k_ with o..
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with increasing ap/as, but the variation is small, as shown in
Fig. 8(a). In the backward direction, k_ drops significantly
with a rise in ap/a, and then reaches a plateau when ay/ag is
beyond 2.3. In this study, we vary ap/as by changing ay,, while
keeping a; fixed. For the forward flow through a jet pump in
the converging direction, ay, is the channel inlet opening area,
i.e., the compression area, thus increasing @, can reduce the
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FIG. 8. (Color online) Variations of coefficients of resistance k, (a) and
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compression loss at the channel inlet. This is the reason for
the decreasing k, with ap/a,. For the backward flow, when o
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 a,.
Therefore, the expansion area of the outlet increases with a
rise in ap, which can reduce the expansion loss at the channel
outlet and leads to the decrease in k_. Notably, for the same
aplas, 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, k, and ¢ increase, and ko
decreases with a rise in ap/as; however, all the variations
become small when ay/a, 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 ap/as. The results
indicate that the time-averaged pressure drop and the work-
ing efficiency can be improved by increasing ay/as, which is
mainly due to the decrease of pressure drop in the backward
direction with a rise in ap/a,. However, as ay/a, increases fur-
ther (>2.3), such enhancement becomes negligible.

D. Comparison

In order to compare the prediction by Backhaus and Swift'
with our experimental results, Eq. (1) can be rewritten as
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_pUL
Apa - 4a§ ka7 (23)
1 ag\ 2 ag\ 2
kazi{ kexp.s + (a_;) kcon,b} - kcon,s+ <a_z> kexp,b] }
(24)
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Equation (24) can be used to calculate k, predicted by
Backhaus and Swift.'” Considering Ao is not much larger
than a; and @y, in this study, according to Idelchik’s theory,23
kexp,s =(1 - as/Aloop)27 kexp,b = - ab/Aloop)za kcon,b =0.5(1
— ap/Aioop), and when r/d; > 0.2, ko = 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, k, increases and then
becomes uniform when ap/ag is larger than a certain value.
However, the value of k, calculated by Eq. (24) is much
larger than the experimental result for a same ap/a,, and the
deviation increases with o, as Fig. 10(b) shows. This com-
parison implies that Eq. (1) can reflect the impart of ap/a; 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 o. The reason may be the flow separation for
the jet pump with a larger o, and the imperfect diffuser
action even though there is no dramatic flow separation for
the jet pump with a smaller o 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 k, by Eqgs. (1) and (24).
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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 k,, a lower coefficient of overall resis-
tance k1, and consequently a higher coefficient of effec-
tiveness ¢&. When the dimensionless rounding at the small
opening r/d, 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 « 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
k, and coefficient of effectiveness ¢. However, when o is
larger than 9°, the coefficient of time-averaged resistance
k, decreases, and the coefficient of overall resistance k.
w1 increases significantly with a rise in «. 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 o 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 ap/a,. However, such improve-
ment becomes less prominent when ap/a; increases
beyond a certain value.

(3) Equation (1), proposed by Backhaus and Swift,'® can
present the effect of cross-sectional area ratio ap/a, 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 o.
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