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Abstract:  Compression and expansion of a working gas due to the pressure oscillation of an oscillating flow can lead to a
temperature variation of the working gas, which will affect the heat transfer in the oscillating flow. This study focuses on the
impact of the compression-expansion effect, indicated by the pressure ratio, on the heat transfer in a finned heat exchanger under
practical operating conditions of the ambient-temperature heat exchangers in Stirling-type pulse tube refrigerators. The experi-
mental results summarized as the Nusselt number are presented for analysis. An increase in the pressure ratio can result in a
marked rise in the Nusselt number, which indicates that the compression-expansion effect should be considered in characterizing
the heat transfer of the oscillating flow, especially in the cases with a higher Valensi number and a lower maximum Reynolds

number.
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1 Introduction

A pulse tube refrigerator, one of the typical re-
generative cryocoolers, employs an oscillating flow
to realize cryogenic refrigeration (de Waele, 2011).
The oscillating flow is characterized by the cyclically
reversion of flow direction, which leads to distinct
features of the flow and the heat transfer, in contrast
with the unidirectional steady flow. Although much
effort (Swift, 1992; 2002; Cooper et al., 1994; Zhao
and Cheng, 1996; Gusev et al., 2001; Bouvier et al.,
2005; Nsofor et al., 2007; Tang et al., 2007; 2011;
Meng et al., 2008; Chen et al., 2009; Shi et al., 2010;
Piccolo, 2011; de Waele, 2012; Jaworski and Piccolo,
2012) has been made on numerical simulation and
experimental observation of the heat transfer in an
oscillating flow, it is still a big challenge for accu-
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rately designing the heat exchanger for a pulse tube
refrigerator, due to the complexity of the oscillating
flow.

Compression and expansion of a working gas
due to the pressure oscillation of oscillating flow can
lead to a variation in temperature of the working gas,
which will influence the heat transfer between the
oscillating flow and the solid wall. However, there is,
so far, a lack of the knowledge about the impact of the
compression-expansion effect on the heat transfer in
oscillating flow, and this impact is seldom considered
in the reported work. Swift (1992) and Piccolo (2011)
discussed the influence of the drive ratio (the ratio of
pressure amplitude to mean working pressure) on the
heat transfer in the oscillating flow; however, the
relative fluid displacement amplitude (A4,=2xa/L=
2ua/(wL), where 2x, is the peak-to-peak displacement
of the working gas, u, is the velocity amplitude, @ is
the angular frequency, and L is the length of the heat
exchanger) was changed with the varying drive ratio
in their experiments and simulations. Their discussion
concerned the impact of the relative fluid displace-
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ment amplitude A4,, instead of the compression-
expansion effect.

The compression-expansion effect can be indi-
cated by the pressure ratio, which is usually defined as
(Pmtpa)/ (pm—pa) in the field of cryocoolers (where py,
is the mean working pressure, and p, is the pressure
amplitude). The present work focuses on the impact
of the compression-expansion effect on the heat
transfer in the oscillating flow via the pressure ratio.
An experimental apparatus was built to observe the
space-time averaged heat transfer characteristics of a
finned heat exchanger. The experimental operating
conditions were set according to the ambient-
temperature heat exchangers of Stirling-type pulse
tube refrigerators (Dietrich and Thummes, 2010; Qiu
et al., 2012). The ambient-temperature heat ex-
changers are used to remove the heat from the warm
working gas to the surroundings, and an insufficient
heat transfer of the ambient-temperature heat ex-
changers could deteriorate the refrigeration per-
formance of the pulse tube refrigerators. After a de-
scription of the experimental apparatus including the
measurement system, the dimensionless similarity
criteria used in this study are introduced. The ex-
perimental results are summarized into Nusselt
number. The emphasis will be put on the dependence
of the Nusselt number on the pressure ratio.

2 Experimental

Fig. 1 shows the schematic of the experimental
apparatus, consisting of a linear compressor, a test
heat exchanger, a needle valve, and a reservoir.

The linear compressor, which is usually used to
drive a Stirling cooler or a Stirling-type pulse tube
refrigerator, is the generator of the oscillating flow.
The K535 compressor fabricated by Ricor and the
2S102W compressor fabricated by QDrive were used
to realize diverse operating conditions. To ensure safe
operation, the working current and voltage of the
K535 compressor were restricted below 10 A and
50 V, respectively, and those of the 2S102W com-
pressor were controlled below 4 A and 110 V, re-
spectively. The compressor was powered by an AC
power supply of Type-PCR1000LA, fabricated by the
Kikusui Electronics Co., with the operating parame-
ters of AC 1-150 V/2-300 V, 1 kVA, and 1-999.9 Hz.

‘ Cooling
water
Compressor

Valve
Reservoir

=/

Test heat
exchanger

Cooling
water

Fig. 1 Schematic of the experimental apparatus
T1, T2, T3, T4, and T5 denote the thermometers, P1, P2,
and P3 denote the pressure sensors, and F denotes the
flowmeter

The test heat exchanger, made of copper, has a
finned configuration as shown in Fig. 2. The fin
thickness and the fin gap are both 0.75 mm. The fin
heights range from 2.6 mm to 13.6 mm, with a uni-
form length of 20 mm (i.e., the length of the test heat
exchanger is 20 mm). The heat exchanger was cooled
by water, which was supplied by a thermostat set at
293 K. The heat exchanger, together with the tubes for
the working gas and the cooling water flowing into
and out of the heat exchanger, was thermally isolated
by polystyrene foam to reduce the influence of heat
transfer with the surroundings.

Cooling
water

Fig. 2 Schematic of the finned heat exchanger

For the oscillating flow, a needle valve and a
reservoir can form a resistance-compliance imped-
ance, which is usually employed in thermoacoustic
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engines to measure the acoustic power output (Tang et
al., 2008). In this work, the valve-reservoir configu-
ration was used to measure the velocity amplitude of
the oscillating flow.

The measured parameters include temperature,
pressure, and flow rate, as shown in Figs. 1 and 2.

Two platinum resistance thermometers (PT100)
of T1 and T2 were used to measure the temperatures
of the cooling water flowing into and out of the heat
exchanger, by inserting the thermometers into the
cooling water through two tee-fittings. The tempera-
tures of working gas at the two ends of the heat ex-
changer, as well as the working gas temperature in
the reservoir, were measured by three PT100 ther-
mometers of T3, T4, and TS5 with 2 mm in diameter
and 7 mm in length. T3, T4, and T5 were put in the
high pressure working gas, and the electricity power
supply and voltage signals were transmitted via elec-
tric connectors. Additionally, two cone chambers
were set to join the ends of the heat exchanger and the
connecting tubes. To measure the average tempera-
ture of the working gas flowing into and out of all
passages formed by the fins, the thermometers of T3
and T4 were located in the cone chambers. Four
K-type sheathed thermocouples of T6, T7, T8, and
T9, with 0.5 mm in diameter, were inserted into the
flange of the heat exchanger to measure the wall
temperature. Considering the high sensitivity to the
temperature differences instead of the absolute tem-
peratures in this measurement, all these nine ther-
mometers were simultaneously calibrated in a
variable-temperature water bath to correct the tem-
perature measurement to £0.1 K.

The pressures, P1 and P2, were measured by two
pressure sensors with the range of 0-5 MPa and the
accuracy of 0.2% FS (10 kPa). A dynamic pressure
sensor P3 with an accuracy of 0.57 kPa was used for
more accurate measurement of the dynamic pressure
in the reservoir. The pressure amplitude pas in the
reservoir is a key parameter for calculating the ve-
locity amplitude u, in the test heat exchanger, and
then with a known u,, the maximum Reynolds
number Reyax, the Mach number Ma, and the relative
fluid displacement amplitude 4, can all be calculated.
More details of the related formulae will be given in
the next section.

Besides the temperature and pressure measure-
ment, a mini turbine flowmeter with an accuracy of

0.005 L/min was used for the measurement of the
cooling water.

Additionally, as shown in Fig. 1, we do not need
a hot heat exchanger in our experimental apparatus to
heat the working gas. Actually, the working gas out
from the linear compressor was heated by the Joule
heating effect due to the current and resistance of
coils in the compressor, and the working gas out from
the valve-and-reservoir configuration was heated due
to the viscous dissipation in the small flow channel of
the needle valve.

3 Dimensionless similarity criterion

Dimensionless similarity criteria were used in
this study to summarize the experimental data. Five
dimensionless similarity criteria, i.e., the maximum
Reynolds number Rep,y, the Valensi number Va, the
Prandtl number Pr, the specific heat ratio y, and the
Mach number Ma, were determined according to the
governing equations (Anderson, 1995) for the un-
steady flow of compressible viscous fluid (Appen-
dix). The Prandtl number and specific heat ratio are
the thermophysical properties of working fluid. The
definitions of Rep,y, Va, and Ma are as follows:

Re,,, = “AVD b (1)
D}
Va = , 2)
14
Ma =" 3)
a

where u, is the velocity amplitude, Dy, is the hydraulic
diameter, o is the angular frequency, v is the kine-
matic viscosity, and a is the sound speed. According
to the pressure amplitude pa3 in the reservoir meas-
ured by sensor P3, the velocity amplitude ua can be
calculated by (Tang et al., 2008):

_ UA — pA3wCres — 27U(pA3I/res

u A )
Aﬂow Aﬂow Aﬂow 7pm2

“4)
where U, is the volume velocity amplitude, Agqy is the
flow area in the test heat exchanger, Cs is the com-
pliance of the reservoir, f'is the frequency, Vi is the
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volume of the reservoir, and p,, is the mean working
pressure in the reservoir measured by sensor P2.

As previously mentioned, the peak-to-peak dis-
placement of the working fluid with respect to the
length of the heat exchanger is an important factor for
the heat transfer in oscillating flow (Swift, 1992; 2002;
Piccolo, 2011). The dimensionless parameter of the
relative fluid displacement amplitude 4, was also
considered in this study.

The space-time averaged heat transfer per-
formance is presented by the Nusselt number, which
is defined as

; )

- n > (6)
(Al + Z A2,i77ﬁn,i j (t — 1)

i=1

where k£ is the thermal conductivity of the working
fluid, 4 is the convective heat transfer coefficient, Oy
is the heat flow transferred from the oscillating flow,
A, is the area of the base surface, 4,; and 7s,; are the
surface area and the fin efficiency of the ith fin, re-
spectively, n is the number of the fins, and # and #,;
are the temperatures of the oscillating flow and the
base surface, respectively.

On was estimated according to the heat flow Q.
of the cooling water by considering the heat transfer
with the surroundings based on a thermal balance
analysis. O, can be calculated by

Qc = q\/ pwatcrcwatcr (t2 - Zl )’ (7)

where gqv is the volume flow rate of the cooling water
measured by the flowmeter F (Fig. 1), pwater and Cyater
are the density and the specific heat of the cooling
water, ¢, and #, are the temperatures of the cooling
water flowing into and out of the test heat exchanger
measured by the thermometers T1 and T2, respec-
tively (Fig. 1).

Additionally, the average temperature of T3 and
T4 is taken as the temperature of the oscillating flow #.
The wall temperature ¢,; is determined according to
thermometers T6, T7, T8, and T9, considering the
thermal conduction inside the copper wall. The fin
efficiency 74y, is calculated with the typical formulae
for the rectangular fin (Incropera et al., 2007).

4 Results and analysis

With helium as the working gas, the heat transfer
performance of the finned heat exchanger was tested
under a mean working pressure of 2.0 MPa with the
K535 compressor, and was also tested under a higher
mean working pressure of 2.5 MPa with the 2S102W
compressor. The operating frequency ranged from
45 Hz to 100 Hz. According to the critical dimen-
sionless value (f.i=2Remax/ Vao‘s) of 400-780 (Merkli
and Thomann, 1975; Hino et al., 1976), all the oscil-
lating flow cases in our experiments were in the range
of laminar flow.

Table 1 tabulates the typical experimental data
under the mean working pressure of 2.0 MPa. p,; and
PR, denote the mean working pressure and the pres-
sure ratio at P1 (Fig. 1), respectively. Since the mean
working pressure was kept almost constant and the
variation of working gas temperature # was small
(less than 10 K), the Prandtl number and the specific
heat ratio, calculated by REFPROP 8.0, are constant.
By adjusting the voltage and the frequency of the AC
power supply, as well as the opening of the needle
valve, the dependence of Nusselt number on pressure
ratio was tested with the maximum Reynolds number,
and the Valensi number almost fixed. According to
Egs. (1) and (3), the fixed maximum Reynolds num-
ber implies an almost constant Mach number, due to
the tiny variation of the sound speed in our test.
Moreover, for the test heat exchanger, the almost
fixed velocity amplitude and angular frequency im-
plied by the maximum Reynolds number and Valensi
number (Egs. (1) and (2)) lead to roughly unchanged
relative fluid displacement amplitude.

Table 1 shows that an increase of pressure ratio
from 1.100 to 1.300 results in a rise of Nusselt num-
ber from 2.694 to 5.395, roughly by 100%. The
marked rise of Nusselt number with the pressure ratio,
while keeping other dimensionless similarity criteria
constant, indicates that the pressure ratio is an inde-
pendent factor needing to be considered for the heat
transfer of the oscillating flow.

Additionally, a stronger compression-expansion
effect, indicated by a larger pressure ratio, can en-
hance the heat transfer of the oscillating flow shown
by a larger Nusselt number. This may be attributed to
the disturbance of the thermal boundary layer. A higher
pressure ratio operation can lead to a stronger
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Table 1 Typical experimental data under mean working pressure of 2.0 MPa

431

Pmi PR, Re o Va Pr cy/cy Ma Ar Nu
1.996 1.300 200.6 99.7 0.660 1.664 0.0135 0.302 5.395
2.000 1.261 200.0 100.4 0.660 1.664 0.0133 0.299 4.965
2.016 1.219 199.9 100.6 0.660 1.664 0.0131 0.298 4.429
2.008 1.180 200.6 100.3 0.660 1.664 0.0133 0.300 3.621
1.999 1.140 200.2 100.1 0.660 1.664 0.0133 0.300 3.196
1.999 1.100 198.8 100.6 0.660 1.664 0.0130 0.296 2.694

oscillation of the working gas temperature, which
implies a sharper variation of the temperature gradi-
ent inside the thermal boundary layer. This thinking
still needs to be validated by experimental observa-
tion or numerical modeling of the temperature
distribution.

More results of the Nusselt number with diverse
maximum Reynolds number and Valensi number
under the mean working pressure of 2.0 MPa are
presented in Fig. 3. For different maximum Reynolds
number and Valensi number, the Nusselt number
always increases with a rise in the pressure ratio, and
the difference lies in the slope of increase. The com-
parison of the square data and the circle data in Fig. 3
shows that a higher Valensi number leads to a larger
increasing slope of the Nusselt number. Additionally,
a higher maximum Reynolds number results in a
smaller increasing slope of the Nusselt number, as
presented by the circle data and the triangle data. The
same situation can be seen from the experimental
results under the mean working pressure of 2.5 MPa,
as shown in Fig. 4. Thus, it can be concluded that the
impact of compression-expansion effect on the heat
transfer of the oscillating flow is more significant in
the cases with a higher Valensi number and a lower
maximum Reynolds number. The thermal boundary
layer thickness, which can be denoted by the thermal
penetration depth (6,=(2a/w)’”, where « is the ther-
mal diffusivity of the working gas), will become
smaller in a higher Valensi number situation. The
thinner thermal boundary layer may be more sensitive
to the compression-expansion effect. In contrast, a
higher maximum Reynolds number implies a stronger
convection effect, which may relatively weaken the
impact of the compression-expansion effect.

Figs. 3 and 4 also show that the increases in the
maximum Reynolds number and in the Valensi
number can both lead to a rise in the Nusselt number.
That is, raising the maximum Reynolds number and

the Valensi number can both enhance the heat transfer
in the oscillating flow.
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Fig. 3 Dependence of the Nusselt number on the pres-
sure ratio with a mean working pressure of 2.0 MPa
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Fig. 4 Dependence of the Nusselt number on the pres-
sure ratio with a mean working pressure of 2.5 MPa

5 Conclusions

An experimental apparatus has been built to test
the heat transfer of a finned heat exchanger, aiming
for the application of ambient-temperature heat
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exchangers in pulse tube refrigerators. The emphasis
of the experimental observation was put on the impact
of the compression-expansion effect, indicated by the
pressure ratio, on the heat transfer of oscillating flow,
which was seldom taken into account in previous
studies. The experimental results indicate that the
pressure ratio is an independent factor, and an in-
crease in the pressure ratio can lead to a marked rise in
the Nusselt number. The increase of the pressure ratio
from 1.100 to 1.300 results in the rise of the Nusselt
number from 2.694 to 5.395 with the maximum
Reynolds number and the Valensi number fixed at 200
and 100, respectively. Moreover, the impact of the
compression-expansion effect on the heat transfer in
the oscillating flow becomes more significant for the
cases with a higher Valensi number and a lower
maximum Reynolds number. It is suggested that the
pressure ratio should be considered in the treatment of
the heat transfer of the oscillating flow.
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Appendix

This appendix presents the determination of the
five dimensionless similarity criteria, i.e., the maxi-
mum Reynolds number Rey,x, the Valensi number Va,
the Prandtl number Pr, the specific heat ratio y, and
the Mach number Ma.

The governing equations for the unsteady flow
of compressible viscous fluid, as well as the equation
of state for ideal gas, are as follows (Anderson, 1995):

P v (V)=
-t V- (pV)=0, (A1)
oV 2
pE+VV-(pV)——Vp—gv[ﬂ(v'V)] (A2)
+V-[u(VV) 1+ V- [u(VV)]g,
pcp%—T+pch-VT
! ] (A3)
- v-[k(VT)]{a—‘tHV-Vp}@,
p=pRT, (A4)

where 7, p, p, cp, p, k, and R are the temperature,
pressure, density, constant-pressure specific heat,
viscosity, thermal conductivity, and gas constant,
respectively. V' is the vector of velocity, (V-V) and

(VV)" are two tensors, ¢ is the time, and @ denotes

the energy dissipation due to the viscosity.

The following dimensionless parameters with
the superscript " are defined to normalize Egs. (Al)-
(A4).

* x * y
X =—’ =—’
L, Y L,
* z % t
z =—,t =—,
Lo ly
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L
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Po Po
« C « M
C‘p :_p, o=,
00 Hy
* * @
vk g o
ky Ho(uy [ Ly)

where the subscript 0 indicates the characteristic pa-
rameters to nondimensionalize the variables.

Substituting Eq. (A5) into Eqs. (A1)—(A4) gives
the nondimensional forms of the governing equations
and the equation of state as follows:

op  tu, -
—+—V-(pV )=0,
o T o (PV)

OV Uy o e
gy oy
o L (V)
LRT, o 20V o o
S i B v A 1R v/ PP AN %
ul, P =3 Iz [ ( )]
SR (VW) T Y (V1))

0 0

(A6)

(A7)

* *aT* touo * * *
c—+—pcV-VT
Yo L PG

L&y

2
0

* 2
N iaL*JrRtOuO Vv |+ votouo2 o
G OF ¢yl oo Ly

= V[ (VT)] (A8)

p=pT, (A9)
where v and a are the kinematic viscosity and the
thermal diffusivity, respectively.

Considering the characteristics of the oscillating
flow, we set

L,=D,,
1
ty=—, (A10)
w
Uy =u,,
and
Re, = u,L, _ u, Dy i
Vo Yo
Va = L_ﬁ a)D}f
W, Vv
c
y=-, (AL1)
ch
Pr= ﬁ,
20
Ma uO uA
a4 4
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With Eq. (A11), Egs. (A6)—(AS8) can be rewritten

*

op Re .
—+—2V.(pV )=0,

ot Va (V)

.0V Re o
Pt (pV
ot Va (V)

Re . 21 . «
_ max v _ v V.V
ama® P 3va A VY]

1 . . 1 . .
+—V [ (VV) T+ —V [ (V)]
Va Va
* *aT* Re * * *

¢+ S YV
P ot Va P

(A12)

(A13)

L viwwry«l[1-1]2
VaPr y ) ot

(A14)

R * * - *
+(1—1j&V Vp }J—lMaZ@ .
/4 a Va

According to the above dimensionless governing
Egs. (A12)—(A14), we can determine the five dimen-
sionless similarity criteria for the oscillating flow, i.e.,
the maximum Reynolds number Re,,, the Valensi
number Va, the Prandtl number Pr, the specific heat
ratio y, and the Mach number Ma.
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Abstract:  Gas-liquid coupling oscillation is a novel approach to reducing the resonant frequency and to
elevating the pressure amplitude of a thermoacoustic engine. If a thermoacoustic engine is used to drive
low-frequency pulse tube refrigerators, the frequency matching between the thermoacoustic engine and the
refrigerator plays an important role. Based on an acoustic-electric analogy, a lumped parameter model is pro-
posed to estimate the resonant frequency of a standing-wave thermoacoustic engine with gas-liquid coupling
oscillation. Furthermore, a simplified lumped parameter model is also developed to reduce the computation
complexity. The resonant frequency dependence on the mean pressure, the gas space volume, and the water
column length is computed and analyzed. The impact of different working gases on the resonant frequency is
also discussed. The effectiveness of the models is validated by comparing the computed results with the ex-
perimental data of the gas-liquid coupling oscillation system. An increase in the mean working pressure can lead
to a rise in the resonant frequency, and a lower resonant frequency can be achieved by elongating the liquid
column. In comparison with nitrogen and argon, carbon dioxide can realize a lower frequency due to a smaller

specific heat ratio.




