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ABSTRACT 

Recent investigations have shown that CFD techniques can be applied for modeling 
the entire pulse tube (PTC) cryocooler systems. However, the results of CFD simulations 
can be trusted only if they are based on correct closure relations. The hydrodynamic and 
heat transfer parameters associated with regenerators are among the most important closure 
relations for these cryocooler systems. In this investigation the impact of uncertainties 
associated with oscillatory and steady flow resistance parameters on the performance of 
Inertance Tube Pulse Tube Cryocoolers (ITPTC) is examined using CFD simulations. This 
objective is achieved by simulations where reference or baseline ITPTCs systems operating 
in near steady-periodic conditions are modeled in their entirety. Ten transient simulations is 
performed using oscillatory and steady flow hydrodynamic closure relations corresponding 
to some of the most widely used regenerator fillers. The effects of uncertainties in the 
regenerator closure parameters on the cryocoolers performance parameters, as well as their 
key local hydrodynamic transport processes, are thus quantified. 
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INTRODUCTION 

The design of Pulse Tube Cryocooler (PTC) systems has advanced incessantly since 
the invention of basic PTC [1], leading to efficiencies equal to Stirling cryocoolers. The 
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major design variations introduced thus far include the Orifice Pulse Tube Cryocooler 
(OPTC) [2], double mlet OPTC [3], the modified OPTC [4], the multi-pass OPTC [5], and 
most recently the Inertance Tube Pulse Tube Cryocooler (ITPTC) [6]. Computational 
models have been developed for the simulation of regenerator and the entire PTC systems. 
Among them, Regen 3.2 [7] solves the 1-D time dependent flow and energy conservation 
equations using the finite difference scheme and predicts the regenerator performance. The 
well-known computer code Sage [8] is also an essentially 1-D model that can simulate 
entire OPTC and ITPTC systems in steady-periodic operation. Recent investigations have 
shown that CFD packages can simulate entire PTC systems [9, 10], capturing multi-D flow 
effects. However, CFD results can be trusted only if they are based on correct closure 
relations. The regenerator parameters are among the most important closure relations. In 
this investigation the impact of uncertainties associated with oscillatory and steady flow 
resistance parameters on the performance of Inertance Tube Pulse Tube Cryocoolers 
(ITPTC) is examined. This is done by CFD simulations where reference or baseline 
ITPTCs systems operating in near steady-periodic conditions are modeled in their entirety. 

SIMULATED SYSTEMS 

An ITPTC shown in Figure 1 which includes a compressor, heat exchangers (HXl, 
CEIX, and ITX2), regenerator, pulse tube, inertance tube, and buffer volume, is simulated 
using Fluent [11]. All the component dimensions are displayed in Table 1 and Figure 2. 
The simulated system is identical to the apparatus of Harvey et al. [12], except that the 
simulated ITPTC includes an inertance tube (IT) and a shorter regenerator (38.1 mm). The 
test facility of Harvey et al. included an orifice. 

Stirling compressor 

Buffer 
Wolume/ 

HX2 

Pulse 
Tube 

HXl 

Regenerator 

CHX 
Qre«g V 

Target to be cooled 

FIGURE 1. A schematic of ITPTC. 

TABLE 1. Component radiuses and lengths of 

ITPTC. 

Component index 

A (Compressor) 

B (Transfer line) 

C(HXl) 

D (Regenerator) 

E(CHX) 

F (Pulse tube) 

G(HX2) 

H (Inertance tube) 

I (Buffer volume) 

Radius, r, 
(mm) 

9.54 

1.55 

4 

4 

3 

2.5 

4 

0.425 

13 

Length, 
(mm) 

7.5 

101 

20 

38.1 

5.7 

60 

10 

684.1 

130 

.r 

A B C D E F G H 
I 

FIGURE 2. Component index of modeled ITPTC system. 
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TABLE 2. Boundary and initial conditions and regenerator closure relations for the modeled ITPTCs. 

ITPTC Model 

HXl Wall [°K] 
HX2 Wall [°K] 

Regenerator 
Type 

Regenerator 
Material 

AlraY 
C, [1/m]* 

Regenerator 
Porosity 
CHX, HXl, and 
HX2 material 

A K ] * * 

C, [1/m]** 
CHX, HXl and 
HX2 Porosity 
Initial CHX 
Temperature 
[°K] 
CHX LOAD 
(W) 

293 

293 

325 mesh 

Stainless 
Steel 

6.4247 
e-11 

67000 

0.692 

Copper 

1.345 
e-9 

8147 

0.68 

300 

0 

Oscillatory friction factor 

293 

293 

400 mesh 

Stainless 
Steel 

2.5295 
e-11 

120000 

0.692 

Copper 

1.345 
e-9 

8147 

0.68 

300 

0 

293 

293 

400 mesh 
sintered 

Stainless 
Steel 

1.9828 
e-11 

110000 

0.6147 

Copper 

1.345 
e-9 

8147 

0.68 

300 

0 

293 

293 

Foam 
metal 

Stainless 
Steel 

3.7689 
e-11 

66000 

05547 

Copper 

1.345 
e-9 

8147 

0.68 

300 

0 

293 

293 

+Micro-
machined 

disks 

Nickel 

4.0000 
e-11 

192000 

0.268 

Copper 

1.345 
e-9 

8147 

0.68 

300 

0 

293 

293 

325 mesh 

Stainless 
Steel 

42553 
e-11 

47000 

0.696 

Copper 

1.345 
e-9 

8147 

0.68 

300 

0 

Steady friction factor 

293 

293 

400 mesh 

Stainless 
Steel 

3.6101 
e-11 

73000 

0.696 

Copper 

1.345 
e-9 

8147 

0.68 

300 

0 

293 

293 

400 mesh 
sintered 

Stainless 
Steel 

1.8018 
e-11 

260000 

06147 

Copper 

1.345 
e-9 

8147 

0.68 

300 

0 

293 

293 

Foam 
metal 

Stainless 
Steel 

3.7736 
e-11 

99000 

0.5547 

Copper 

1.345 
e-9 

8147 

0.68 

300 

0 

293 

293 

+Micro-
machined 

disks 

Nickel 

43478 
e-11 

115000 

0.268 

Copper 

1.345 
e-9 

8147 

0.68 

300 

0 

These values were based on the experiment data of Cha [13] andClearman [14]. 
+ provided by International Mezzo Technologies Inc. Baton Rouge, Louisiana. 

' These values were obtained from Sage Manual [8] 

Ten simulations were conducted, each for a different set of hydrodynamic regenerator 
closure relations. The boundary and initial conditions are summarized in Table 2. The PTC 
boundaries were assumed adiabatic, including the cold heat exchanger (CHX) wall 
(representing zero cold end cooling load), except for ITXl and HX2 which are listed in 
Table 2. All the simulations had identical boundary and initial conditions. The regenerator 
parameters used are based on a separate investigation [13]. The regenerator fillers that are 
represented are fine wire mesh type (325 and 400 mesh), sinter 400 mesh, metallic foam, 
and micro-machined disks. Each regenerator filler was represented by two sets of 
hydrodynamic parameters, one set from steady flow experiments and the other set from an 
oscillatory (steady-periodic) experiment. These hydrodynamic parameters are summarized 
in Table 2. Simulations were performed using transient analyses starting from an initial 
temperature of 300 °K and were continued until cycle averaged steady-periodic conditions 
were reached. 

CFD MODEL 

The commercial CFD code Fluent ® [11] was used. Given the cylindrical and linear 
alignment of the simulated ITPTC systems, axi-symmetric, two-dimensional flow was 
assumed. Using a simple user defined function, the piston head motion was modeled as: 

X Xp sin((»r) iTTf (1) 
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Compressor 
Transfer Inertance 

Tube Buffer Volume 

HXl Regenerator CHX Pulse Tube ^^^. 

FIGURE 3. Nodal representation of the simulated ITPTC system. 

whereXp= 6.5 mm, / = 4 0 Hz , and the time increment was 5x10 ''seconds. Fluent has 
a dynamic meshing function that can create deformable mesh volumes. This function was 
utilized for the compressor. The system was represented by a total of 9500 mesh nodes. 

The mass, momentum and energy equations solved by Fluent for the forthcoming 
simulations are, respectively: 

dp 

dt 
V . ( p M ) = 0 

9 (pw") 

dt 
V -(puuy+V P - V • ( " ) - pg = 0 

(kVT +r-u)- HPjil_ V . ( « ( p £ + P ) ) = 0 

(2) 

(3) 

(4) 

where 

P u '• 
h - + 

P 2 

T = nl{Vu + Vu'') V - M / (5) 

All properties represent helium. These equations apply to all components except the 
regenerator and heat exchangers. The regenerator needs to be modeled as a porous 
medium. The warm and cold-end heat exchangers are also modeled as a porous media for 
flexibility and generality. When there is local thermodynamic equilibrium between the 
fluid and solid structure, the mass, momentum, and energy equations in are: 

8 i^P ) 
a t 

+ V • (^ep M ) = 0 (6) 

9 (^ep u ) 
dt 

+ V • (^eputi ) + £VP + V • (e r ) = eF,, 
fi -, C p , , , , 
^=- u -\ \u \u 
P 2 I I 

(7) 

V• i^ekj + (1 - e)k^^T + (T • ew)) = —{epjEj + (1 - e)pfi)^ + V• [eZ[p^Ef + P)) (8) 
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where /? [m^] and C [m'] are viscous and inertial resistance coefficient tensors, and U 

represents the volume-averaged intrinsic (physical) fluid velocity, namely ' - \ / 

RESULTS AND DISCUSSION 

The cycle average cold-heat exchanger (CEIX) temperatures for oscillatory and steady 
flow closure parameters are plotted in Figure 4. As expected, gradual cooling was observed 
at the CHX component for all cases. After 40 seconds of simulation time, the 325 mesh 
regenerator achieved the lowest cold tip temperature of about \\A°K, followed in order by 
foam metal, 400 mesh, sintered 400 mesh, and the nickel micro-machined disks. Table 3 
summarizes the CEIX temperatures for all cases. The cooling rates and differences among 
the quasi-steady cold tip temperatures depend on the regenerator filler type. The 325 mesh 
showed the best performance by reaching the lowest cold heat exchanger temperature 
among and demonstrating the fastest cooling rate. The micro-machined disks (Mezzo 
regenerator), however, had the least favorable temperature performance among the fillers. 
The latter result is mainly due to the unfavorable thermophy sical characteristics of nickel 

•300r 

1250 

g200 
o 

150 

100, 

— 325 mesh 69% osc ff 
---400mesh69%oscff 
— Sintered 400 mesh 69% osc ff 

• Metal foam 55.47% osc ff 
Micro-machined disks 26.8% osc fi] 

20 40 
Time, in [sec] 

(A) 

S300r 

1250 

><200 
o 

—325mesh69%stdyff 

---400mesh69%stdyff 

— Sintered 400 mesh 69% stdyff 

• Metal foam 55.47% stdyff 

Micro-machined disks 26.8% stdyff 

20 40 60 
Time, in [sec] 

(B) 

FIGURE 4. Cycle averaged CHX temperatures of simulated ITPTCs using (A) oscillatory flow regenerator 
closure relations and (B) steady flow regenerator closure relations 

TABLE 3. Cycle average CHX temperature of simulated ITPTCs. 

Regenerator type 

Transient simulation time (sec) 

CHX temperature, [°K] 

Regenerator type 

Transient simulation time (sec) 

CHX temperature, [°K] 

325 mesh 

57.6 

114.4 

325 mesh 

66.5 

114.5 

400 mesh 

59 

118.0 

400 mesh 

67.8 

115.6 

Oscillatory closure relations 

Sinter 400 Micro-machined disks 

46.4 42.5 

119.5 161 

Steady closure relations 

Sinter 400 Micro-machined disks 

77.8 33.5 

117.75 130.5 

Metal foam 

42.4 

117.5 

Metal foam 

34.5 

120.1 

247 



300 -i 

1 250 

200 

150 -

100 

Ni micro-machined disk 

• CHX 
• HX2 
• Pulse Tube 
• Regenerator 
« HXl 

0 0.02 0.12 0.14 0.04 0.06 0.08 0.1 
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FIGURE 5. Temperatures of simulated ITPTC models using oscillatory flow regenerator closure relations. 

as the filler material. Much better performance would have resulted with stainless. Also, 20 
°K less cooling occurred at the CHX using oscillatory closure relations instead of steady 
closure relations for micro-machined disks. The axial distributions of cross-section and 
cycle-averaged temperatures for 325 mesh and 400 mesh regenerators using oscillatory 
flow closure relations, under near steady-periodic state, are displayed in Figure 5. 
Significant temperature gradients are predicted in the regenerator and the pulse tube. These 
profiles are evidently consistent with the known trends in data. 

To better understand the performance of the considered systems, simulations were 
performed and compared with another well defined baseline ITPTC model. The baseline 
model used was a replica version of the MODI system in [10]. The baseline simulation 
thus considers an ITPTC that in terms of all physical characteristics is identical to the 
ITPTC system that was the subject of discussion so far, except for the regenerator length 
and filler matrix. Also the baseline ITPTC operates at 34 Hz instead of 40 Hz. Results of 
all the simulations are plotted in Figure 6. Although with exception of the baseline model 
the simulations have not reached quasi steady-periodic conditions, their trends are clear. 

300 

250 

200 

150 

100 

50, 

-325mesh69%oscfiF 
400mesh69%oscfiF 
Sintered 400 mesh 69% osc ff 
Metal foam 55.47% oscff 

-Micro-machined disks 26.8% osc ff 
baseline 325 mesh 34 Hz 

100 150 
Time, in [sec] 
(A) 

HX2Q [-1.8854 W] 
HXl Q [-63.2772 W] 
CHX Q [0 W] 
PV[65.1853 W] 
Energy Imbal [0.0227 W] 

Time, in [sec] 

(B) 

FIGURE 6. (A) Cycle averaged CHX temperatures of simulated ITPTCs and a baseline model. (B) Energy 
balance of baseline model. 
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*rl C.V a CHX Q. 

FIGURE 7. Control volume energy balance of baseline ITPTC model. 

The baseline simulation in Figure 6 has approached the steady periodic operation. 
The CITX in the baseline system has cooled from 300 °K to 92 °K in approximately 190 
seconds. All others except the simulation for micro-machined disk closely follow the CHX 
temperature path of the baseline system. The CITX temperatures are all only slightly higher 
compared to the CHX temperature results of the baseline case. For the model with micro-
machined disks, the predicted CHX temperature is significantly higher than the baseline 
model predictions. It appears that once all simulations reach the steady periodic state, their 
CHX temperatures will be higher than the baseline CHX temperature results. 

Figure 6 (B) displays the plot of cycle averaged values of the input compressor work, 
total surface heat rejection rate, and energy imbalance rate for the baseline model. The 
cycle averaged quantities are defined as: 

fa)(^dt (9) 

where ^ is any property. The energy imbalance rate is defined as (Figure 7): 

p 
imbalance 

= Wpv + si. CHX - QHXI - QHX2 (10) 

As the steady periodic operation is approached, the energy imbalance term in Eq. (10) 
should asymptotically approach zero. According to figure 6 (B) the energy conservation is 
nearly satisfied. The energy imbalance for the baseline simulations was only 0.0227 W 
after 190 seconds. 

CONCLUSION 

The impact of uncertainties associated with oscillatory and steady flow resistance 
parameters on the performance an ITPTC was examined using CFD simulations. 
Parametric simulations were performed to compare the overall thermal performance of the 
tested regenerator fillers under oscillatory flow conditions. The 325 mesh regenerator had 
the best system level performance among all simulated regenerator fillers. The nickel 
micro-machined disks regenerator filler had the worst thermal performance. The poor 
performance of the micro-machined disks was mainly due to the inferior thermal properties 
of nickel as a regenerator filler material, as compared to stainless steel. If stainless steel 
were to be used instead of nickel, the thermal performance of the micro machined disks 
would be much improved. The results also showed that the regenerator having the lowest 
friction factor does not necessarily produce the best system level thermal performance. 
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NOTATION 

C = Inertial resistance coefficient tensor 

f = Friction factor [-], frequency [Hz] 

h = Enthalpy 

T = Unit identity tensor 

k = Thermal Conductivity 

P = Static pressure 

T = Temperature 

X= Compressor piston displacement 

u = Intrinsic Velocity 

Greek letters 
P = Viscous resistance coefficient tensor 

S = Porosity Tensors 

/J = Viscosity 

p = Density 

r = Newtonian shear stress 

Subscripts 
/ = Fluid 

r, X = Radial and Axial coordinate 

s= Solid 

Superscripts 
T = Transpose 
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