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An improved numerical modeling for simulating the oscillating fluid flow and detail
dynamic performance of the orifice and double-inlet pulse tube refrigerator has been
developed in this paper. The governing equations that include the pressure gradient,
inertia, viscous and convection terms are based on the conversion of mass, energy
and momentum for oscillating flow in refrigerator. The full implicit time-dependent
and upwind second-order finite difference scheme are used to discrete the governing
equations. Simulation resuits and predicated performance are compared with the
experimental data. Good agreement has been found between the two. Detail time-
dependent axial wall temperature distribution, transient gas temperature, mass flow
rate and dynamic pressure variations in the pulse tube refrigerator have been obtained
in this paper. The simulation model is useful for understanding the physical process
occurring in the pulse tube refrigerator, and also for predicting the effect of the orifice
and double-inlet valve on the refrigeration power and efficiency of pulse tube refriger-
ator. © 1998 Elsevier Science Ltd. All rights reserved
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Nomenclature W Compressor work
o Heat transfer coefficient

A Cross-sectional area of pulse tube 0 Crank angle

A, Cross-sectional area of orifice A Thermal conductivity

Cp Specific heat at constant pressure p Density

d, Diameter of orifice T Period time

d, Diameter of double-inlet ! Correction factor of the nozzle

D, Hydraulic diameter of pulse tube o Visious stress

e Specific internal energy o Dependent variable vector

E Total internal energy

f Friction factor, frequency Subscripts

h Specific enthalpy

H Total enthalpy c Cold end

k Ratio of specific heat d double-inlet

m Mass flow rate h Hot end

p Pressure o Orifice

q Heat flux p Pulse tube

R Gas constant r Regenerator

Re Reynolds number s Solid matrix of regenerator

t Time v Double-inlet

T Temperature w Wall

u Velocity 0 Initial

\% Volume 1 Cold end of the pulse tube
2 Hot end of the pulse tube
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Introduction

The need for cryogenic cooling of space-base electronics,
infrared detectors and the associated electronics has brought
about a strong requirement for the developments of high
reliability and efficiency in refrigerators. Pulse tube
refrigerators first discovered by Gifford and Longsworth',
which contains no moving parts at its cold end, so it has
considerable system advantages over most other types of
refrigerators in reliability, lifetime, vibration, and cost. The
developments and innovations>~® achieved in recent years
enable pulse tube refrigerator to have a comparable refriger-
ation capability with Stirling or G-M machines. Detail
review of the works done on the pulse tube refrigerator can
be found in references’’.

The working process of the pulse tube refrigerator is very
complex due to the unsteady, oscillating compressible gas
flow, the porous media in regenerator and the addition of
the orifice valve and double-inlet valve, etc. Many previous
analysis of the pulse tube refrigerator are based on the
method of enthalpy flow and phase analysis reported by
Storch and Radebaugh'®, However, the quantitative accu-
racy of the analytical results was not satisfactory. An under-
standing of the mechanisms associated with pulse tube
refrigerator requires a full solution of the Navier-Stokes
equations. However, the complexity of these equations
make an analytical solution for pulse tube refrigerator
essentially impossible. Therefore, numerical methods have
been usually employed to simulate the oscillating process.
The numerical modeling presented by Wu and Zhu'', Zhu
and Chen'? neglected the pressure drop in the regenerator,
so it was impossible to obtain satisfactorily quantitative
results. Wang et al. published a set of numerical papers'*~'*
which included the gas flow friction and heat transfer in
the heat exchanger and regenerator. Their results showed
that the gas flow friction cannot be neglected since it caused
phase and amplitude differences in pressure in the different
parts of the refrigerator. However, the momentum equation
for the regenerator in their model does not have the natural
characteristics of conservation form and neglects the
momentum equation of gas flow in the pulse tube.

In the present study, an improved numerical modeling
for simulating the detail dynamic performance and charac-
teristics of the oscillating flow in the pulse tube refrigerator
has been developed. Numerical simulation is performed to
study the effects of the orifice valve and double-inlet valve
on the performance of the pulse tube refrigerators. The
predicated simulation results are compared with the experi-
mental data obtained by a pulse tube refrigerator developed
by Cryogenic Laboratory. Good agreement was found
between the two. Detailed time-dependent axial wall tem-
perature distribution, transient gas temperature, mass flow
rate and dynamic pressure variations in the pulse tube
refrigerator have been obtained in this paper.

Physical model and governing equations

A valveless pulse tube refrigerator is shown in Figure la,
which includes compressor 1, aftercooler 2, regenerator 3,
cold end heat exchanger 4, pulse tube 5, hot end heat
exchanger 6, orifice 7, reservoir 8, and double-inlet valve
9. The working medium is helium. In the present study, if
the double-inlet valve 9 closed, the model is a conventional
orifice pulse tube. Pulse tube and regenerator length, is

170 Cryogenics 1998 Volume 38, Number 2

V P W l'hrZ HrZ Qr mrl }:lrl
—e — 4 >
| H ——
1 2 3
i, L 9
v . N
° Po 7 6T Qh 5 Q: ¢4
8
: . - -
m, H, m, H, m, H,
(@) “ Modeling
1 e 3 4 5 67 8
71—
1= b
5 -_—
L

(b)

Figure 1 Schematic of the physical model for the pulse tube
refrigerator 1. compressor; 2. aftercooler; 3. regenerator; 4. cold
end heat exchanger; 5. pulse tube; 6. hot end heat exchanger;
7. orifice; 8. reservoir; 9. double-inlet vaive

much longer than the typical hydraulic diameter in the
cross-section of pulse tube. The variation in the thermal
properties and momentum in the radial direction seems to
have little effect on the behavior of the pulse tube refriger-
ator. Therefore, the one-dimensional model has been
adopted for numerical simulation to reduce the CPU time
and avoid any difficulty involved with the two- or three-
dimensional models. For the sake of simplicity, it is
assumed that the valve opening remains circular as the flow
area of the valve is varied. Neglecting any geometric com-
plexity in regenerator, simulation of the pulse tube refriger-
ator carried out for the simplified one-dimensional physical
model is shown in Figure /b. The basic assumptions are
as follows:

1. one-dimensional laminar compressible flow

2. the gas and porous medium in regenerator are in local
thermal equilibrium

3. the porous medium is incompressible, uniform porosity

4. boundary and variable permeability effects are negli-
gible

The governing equations that include the pressure gradi-
ent, inertia, viscous and convection terms are based on the
conservative forms of mass, energy and momentum for
oscillating flow, which is usually used in the numerical
simulation of compressible fluid flow is the following:

OE  OF

at+3;+6:0 (1)
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where:
P pu pu
E=|\m|F=| mu+P {=|mu+P
| E | u(E + P) puh
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P q
G=|o|o szh lufe S F o w)
[ 5]

here u is the velocity, m is the mass flow rate, u = m/p, E
is the total internal energy, E =p(e+ uw/2), and
H=ph=FE+ P is the total enthalpy, h is the specific
enthalpy

Equation of state:

h=f(PT) (2)

Assuming simple sinusoidal oscillations for the com-
pressor, so the compressor volume change with crank
angle is

V=V, + 12V + cos 27t (3)

where V, is the dead volume and Vj is the swept volume

It should be noted that the mass flow rate is defined as
positive if the gas flows from the compressor to the reser-
voir and as negative for the opposite flow. The mass flow
rate through ¥he onfice an doudle-nder valves are determ-
ined using a formula for the convergent nozzle with a cor-
rection facwi

. k P Pb 2/ Pb (k+ 1)k
o= MY v[(p) ‘(p) ]

(P> Py) (4)

) k Ph P\ ¥k Pb (k + 1)k
mFMJ%HWKJ'%J ]

p is correction factor, which is determined by the experi-
mental data.
The initial conditions are given as foilows

1=0T=Tg=1io F=Fy, V=Vi+ Vg (3)

It is reasonable to assume constant wall temperature of the
hot and cold ead heat exchaagers, aad the warking pracess
in the reservoir to be a constant temperature. The boundary
conditions are given as follows

Tw2 = Tw6 = TB = Th’ Tw4 = Tc (6)

Friction factor and heat teansfer coefficients

Since we could not find the friction fact and heat transfer
coefficient for the oscillating gas flow, and the transition
from lamimar 1o wrbulent fiow s not dovious in the pulise
tube refrigerators, we adopted the steady friction factor and

heat transfer coefficient from reference'®. The friction fac-
tor is

.le‘(fhfz) (7

where the function I' is defined as the largest among the
variables, that is ['(x,y) = max0(x,y)

fi =16+ 180/Re (8)
f2=0.25TRe™1%7 &)

The heat transfer coefficient is

a=T(a,a) (10)
0.023ARe08P4
@ = (11)
h
] 47/\R 0A536Pr0.333
@y =T (12)
h

Numerical methods and procedure

The above set of differential equations are non-linear and
unsteady. Considering the non-continuity of interface tem-
perature at various parts in the pulse tube refrigerator, the
complex heat and fluid flow boundary, the conjugate thes-
ma} conduction angd convection between ibe gas Spw angd
the solid matrix in regenerator, and the large temperature
gradient 1n the regenerator and pulse tube, some eitects
have been made to improve both the calculation accuracy
and speed. The governing equations are discretized using
a control-volume approach by the inter node method as
described by Patankar'’. We adopted the staggered grid
approach to eliminate the mistaken pressure profiles, as
shown in Figure 2. This approach uses control volumes for
the velocities that are staggered with respect to those for
temperature and pressure.

A solution is obtained from an initial guess through an
iterative scheme using a line-by-line TDMA (tri-diagonal
matrix algorithm) method. The governing equations are
solved with SLUR and bloack corection techanigue, the
upwind second-order scheme for the dependent variables
(as discussed later), harmonic mean formulation for the
ntesfoes diffuciuitien The serjusate shenmed cenduckem
and convection between the gas and the solid matrix in the
regenerator are handled numerically by solving the same
full set of momentum and energy equations throughout the
entire pulse tube refrigerator, but with a large value of vis-
cosity specified for solid matrix, details of the technique
can be found in Patankar'”. Since thermal physical proper-

1 | '
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Figure2 The schematic of the staggered grid
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ties (thermal conductivity and viscosity ) vary with tempera-
ture and pressure, the compute table has been established
and these thermal properties are calculated by interpolation
within the table during the numerical calculation.

In our model, independent variables are the density, mass
flow rate, pressure, and temperature.

A general numerical scheme for Equation (1) in Figure
2 can be written as

Ep*'=Ep+ AO(F2' = Fu7 ) — A1 = 0)(F2 = FL) + G}
(13)

where, A = At/Ax, the superscripts n and n + | represent
time levels, and @ is a measure of implicitness of the
scheme. We can obtain explicit, fully implicit, and Crank-
Nicolson schemes for 8 = 0,1 and 1/2 respectivity. F,, are
the numerical fluxes at the control-volume interfaces. A
general expression for the upwind second-order scheme at
the interface can be written as:

1 1 1 1
P =5 (Fo+ Fe) = S T, (Fe = Fo), = 5 (Fo = F)l

2
(14)

H3’=F‘C“+%[(FP—FW)+(FE—FL,L,)] (15)

where the function I' is defined as the largest among the
variables, that is ['(x,y) = maxO0(x,y)

To increase the calculation accuracy and convergence,
the source term can be written as:

S =Sc+ Sedp (16)

Equation (13) can be differentiated and rewritten by using
the TDMA (tri-diagonal matrix algorithm) method, we can
obtain the standard formula for the TDMA method as fol-
lows

ap®p = awdw + agde + b (17)
ap=a“/+aE_Sp (18)
b=S(‘+aP¢g (19)

where ® = m,T,P. ®° is the value obtained by the previous
converged solutions for last iteration, which is at the under-
relaxation term:

aptp = awdw + apd + b + (1 — a)apdp (20)

Computational accuracy and convergence rate are affected
by the orifice and double-inlet valves. In order to improve
the simulation accuracy, the mass flow rate through the ori-
fice and double-inlet valve calculated by the mass conser-
vation equation is corrected by Equation (4).

The iteration results should be satisfied by periodic stable
conditions for all the time-dependent parameters and the
energy balance condition for the matrix of the regenerator
during a cycle. The convergence criteria is:

|$(6) — ¢(6 + 2m)|
‘¢(9)| < € (21)
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After a grid refinement study, all calculations presented
here were carried out using a 200 non-uniform grid size, the
calculated results with finer grid do not reveal noticeable
changes. The grid is finer for the pulse tube and regenerator
volume near the heater exchanger in order to identify effec-
tively the shape gradient of temperature profile. The sol-
ution was obtained through the entire pulse tube refriger-
ator, from compressor to reservoir. With the oscillating
compressible gas flow condition and the conjugate thermal
conduction and convection between the gas flow and the
solid matrix in regenerator, the solution took a long time
to obtain a convergent solution, requiring 200 ~ 300 CPU
min on HP 5/90C mainframe. Use of previous converged
solution at different conditions reduce the run times some-
what.

500 T T ¥ T T T T T T
~—— prediction
- - - experiment
< 400 F 1  pulse tube .
= 2 regeneralor
[ 21
o
15
2 300
o
19
v
o.
E
3 200
=
z
100
0

0.0 0.1 0.2 0.3 0.4 05 06 0.7 0.8 08 1.0
Position in pulse tube refrigerator

(@)

I .8 1 T T
—— prediction
16k — —-.experiment
) 1 inlet

2 outlet

0.8

Pressure in regenerator (MPa)

0.6 [ b

0.4 L L L
0 90 180 270 360

(b) Crank angle (degree)
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Table 1 Dimensions of each part of the regenerator and pulse tube
Component Regenerator Pulse tube
First part @17 mm x 80 mm 12 mm x 85 mm
Second part 214 mm x 58 mm 10 mm x 60 mm
Third part 10 mm x 55 mm 7.5 mm x 50 mm
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Figure 5 (a) Prediction of refrigeration power with double-inlet
Figure4 (a) Prediction of refrigeration power with orifice

opening values {b) Experimental data of no load cold end tem-
perature with orifice opening values

Comparison with experiment

Verification of our numerical modeling was carried out by
comparing the simulation results to the experimental data.
The test machine was a pulse tube refrigerator constructed
at Cryogenic Laboratory. The configuration of the experi-
mental apparatus was the same as Figure {a. This apparatus
utilized a valveless compressor which produced a sinus-

opening value {b) Experimental data of no load cold end tem-
perature with double-inlet opening values {d, = 0.5 mm)

oidal pressure wave. The swept volume of the compressor
was 55.6 cm” the compressor rotating speed was 960 rpm,
so the frequency was 16 Hz; A reservoir volume of 300 cm?
was connected to the hot end of pulse tube through an ori-
fice valve, a double inlet valve was used between the hot
end of the pulse tube and the regenerator, the orifice valve
and the double inlet valve were all adjustable needle valves.
The pulse tube and the regenerator were made of stainless
steel with thickness of 0.25 mm. Considering that the gas
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Figure 6 Variations of the temperature, mass flow rate, and dynamic pressure with the orifice opening values. {a) temperature at
cold end puise tube; (b} temperature at hot end pulse tube; {c) mass flow rate at cold end pulse tube; {d) mass flow rate at hot end
pulse tube (e) dynamic pressure in the compressor; (f) dynamic pressure in the pulse tube

density and viscosity vary greatly with the temperature in
the refrigerator, the pulse tube and the regenerator were
separated into three parts, respectively. The dimensions of
each parts of pulse tube refrigerator are given in Table 1.
The regenerators were packed with phosphor bronze
screens and stainless steel screens. Two small piezoresistive
pressure transducers to measure the dynamic gas pressure
wave were placed at the hot ends of the pulse tube and
regenerator. A Rh-Fe thermometer was used to measure the
temperature of the cold end of the pulse tube refrigerator,
the measuring current was supply by DC power supply
made by Lake Shore Cooperation. Ten cooper-constantan
thermocouples were used to measure the wall temperature
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of the pulse tube and the regenerator. A heater resistance
was provided at the cold end for cooling capacity measure-
ment at a particular temperature.

A typical calculation has been made for pulse tube
refrigerator whose main size is the same as the experi-
mental rig. The main parameters are as follows: the
operating wall temperature of the cold and hot end heat
exchangers are 77 K and 300 K, respectively. The operating
mean pressure is 1.2 MPa, the frequency f = 16 Hz. The
predicted time-average wall temperature distributions of the
pulse tube and regenerator, and dynamic pressure in the
pulse tube refrigerator are compared to the experimental
data as shown in Figure 3a and b, respectively. The results
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Figure 7 Variation of the compressor P-V work with the open-
ing of the valve (a) the orifice opening values; (b) the double-
inlet opening values

from the numerical simulation show reasonable agreement
to the experimental data. Figures 4 and 5a are plots of the
predicted refrigeration power of the orifice pulse tube
refrigerator and double-inlet pulse tube refrigerator,
respectively. Curve 1 in the figures is the refrigeration
power obtained by neglecting pressure drop (neglecting the
pressure gradient in Equation (1)) in pulse tube refriger-
ator; curve 3 is the refrigeration power calculated by our
numerical modeling; curve 2 is the losses obtained by curve
3 minus curve 1; and curve 4 is the compressor work. The
compressor work is defined as:

Wz—::sﬁPdV (22)
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Experimental data of no load cold end temperature are
shown in Figure 4b and Figure 5b, in which the no load
cold end temperature is plotted as a function of the valve
opening. Optimum opening values of the orifice valve and
double-inlet valve close to the middle range can clearly be
seen in the figures. At the optimum valve opening, it is
clear to see the low temperature in the experiment corre-
sponds to the maximum refrigeration power in numerical
simulation. Good agreement has been found between the
predicted results and experimental data.

Computational result and discussion

Figures 6 and 7 show the dynamic characteristics of the
pulse tube refrigerator as a function of run time, including
instantaneous temperatures and mass flow rate at cold and
hot end, dynamic pressure in compressor, regenerator and
pulse tube, and compressor PV work.

Figure 6a—f show the effects of the orifice opening
values on the dynamic parameters in the pulse tube refriger-
ator. Figure 6a and b show the instantaneous temperature
variations at the two ends of the pulse tube for different
orifice opening values. The cold end temperature of the
pulse tube refrigerator achieve low temperature at the ori-
fice opening value of d, = 0.5 mm. The larger the orifice
opening value, the lower the temperature of hot end tem-
perature. Figure 6¢ and d give the mass flow rate at the
two ends of the pulse tube for different orifice opening
values. The orifice opening has large effect on the mass
flow rate, a larger opening valve tends to result in a high
mass flow rate. While the double-inlet opening has little
effect on the mass flow rate in our numerical simulation.
The dynamic pressure in the compressor and in the pulse
tube for different opening values of the orifice valve are
shown in Figure 6e and Figure 6f. The pressure wave in the
compressor remains almost the same for different orifice
opening values, while the pressure wave in pulse tube
decreased with the increased of the orifice opening. These
results are in good agreement with experiments'® and other
numerical modeling'?.

The compressor PV work diagrams are plotted in Figure
7a and b. It should be noted that the compressor PV work
increases with the opening of the orifice valve and
decreases slightly with the opening of the double-inlet
valve. This agree with the results given in References '>'4.

From the figures above, it can be seen that the effect of
the orifice and the reservoir is not only a phase shift but
an amplitude shift. According to the numerical simulations
and experiment, there exists an optimum opening value of
the orifice valve for producing the maximum refrigeration
power.

Conclusions

An improved numerical modeling for simulating the oscil-
lating flow and detail dynamic performance of a pulse tube
refrigerator has been developed. Good agreement has been
found between the numerical simulation and experimental
data. Detailed time-dependent axial wall temperature distri-
bution, transient gas temperature variations, mean mass
flow rate and dynamic pressure distribution of the oscil-
lation flow in the puise tube refrigerator have been obtained
in this paper. The simulation model is useful for under-

Cryogenics 1998 Volume 38, Number 2 175



Oscillating flow in pulse tube refrigerator: Y.L. Ju et al.

standing the dynamic parameters and physical process
occurring in the pulse tube refrigerator, and also for pre-
dicting the effect of the orifice and double-inlet valve on
the refrigeration power and efficiency of pulse tube refriger-

ator.
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