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Abstract. Miniaturized cryocooler systems are among the key components of state-of-art 
infrared sensing small satellites (SmallSats). To achieve small size, these cryocoolers need to 
operate at high frequencies, e.g., 200 to 300 Hz range. High frequency leads to lower 
compression and expansion swept volumes and hence a smaller cryocooler. Previously we 
showed that pulse tube cryocoolers have high boundary layer losses for small size pulse tube 
diameters, which results in low thermodynamic efficiency. In this follow-up study we present a 
sensitivity analysis on the pulse tube boundary layer losses and investigate the effects of the 
bounding temperatures, pulse tube aspect ratio, operating frequency and pulse tube diameter. 
Computational fluid dynamics (CFD) is used for this sensitivity analysis. The results allow us to 
find the threshold conditions beyond which a miniature pulse tube cryocooler can no longer be 
effective for use at high frequencies. 

1.  Introduction 
Miniaturized cryocoolers are among the key components of the state-of-the-art infrared sensors used on 
small satellites (SmallSats). The main application of these SmallSats is taking night-time and 
multispectral images of earth and other planetary bodies. 

Operating at high frequency is an essential condition for small size cryocoolers. Compression and 
expansion swept volumes are smaller in high frequency systems and consequently moving mechanisms 
as well as other components of these cryocoolers need to be miniaturized. Miniature Stirling cryocoolers 
are chosen over miniature pulse tube coolers because of their proven better performance at high 
frequency and the temperature range 300 K to 80 K [1, 2]. Miniaturization in pulse tubes that work at 
high frequency leads to high boundary layer losses and a drastic reduction of thermal efficiency [3]. 
However, miniature Stirling cryocoolers are susceptible to shuttle loss heat transfer, which under certain 
conditions can be very important.  The shuttle heat transfer loss needs to be considered and minimized 
during the design of Stirling cryocoolers [4]. The solid model concept for a single piston Stirling 
compressor cryocooler with a passive expander is shown in Figure 1. The component sizing depicted in 
this figure is based on thermodynamic model optimization at 300 Hz operating frequency and 80 K cold 
end temperature. Detailed information about the cryocooler can be found in [5]. 
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Figure 1. Solid model concept design for the SmallSat Stirling Cryocooler [5]. 

In a previous work [3], it was shown that boundary layer losses increase as diameter of a pulse tube 
decreases from meso-scale 10 mm down to 1 mm at 300 Hz, and this leads to very low thermodynamic 
efficiency at 1 mm diameter. In this follow up study, computational fluid dynamics (CFD) is utilized to 
conduct sensitivity analysis on pulse tubes to investigate the effect of geometric parameters and 
operating conditions on boundary layer losses. For this analysis, the effects of bounding temperature, 
pulse tube aspect ratio, and frequency are investigated. The results provide the threshold condition 
beyond which the miniature pulse tube has high boundary losses and can no longer be used for working 
at high frequency in single stage and multistage cryocoolers. Beyond this threshold, single stage Stirling 
or hybrid Stirling/pulse tube cryocoolers can be used instead of miniature pulse tube cryocoolers. Losses 
in the regenerator and other cryocooler components as well as shuttle loss heat transfer are not addressed 
in this analysis. 

 

2.  Geometric configuration and model assumptions 
Figure 2 shows the computational domain and boundary conditions in this study, and Table 1 
summarizes the model parameters. The basis of model parameters comes from earlier paper [3]. CFD 
analysis is performed on this pulse tube expander to examine the dependence of the boundary layer 
losses on operating conditions and geometric parameters. This work is a follow up of previous work [3], 
where only diameter was reduced from 10 mm to 1mm while the aspect ratio of the pulse tube and its 
operating conditions remained constant. It was shown that as diameter shrinks, the boundary layer losses 
becomes stronger, which leads to lower efficiency.  

In our previous work [3], we analyzed the same system for a fixed frequency of 300 Hz, bounding 
temperatures of 80 K to 300 K, and a fixed aspect ratio of 10. In this sensitivity analysis these parameters 
are all varied for three pulse tubes with diameters of 7, 4, and 1 mm. In each set of simulations, only one 
parameter is varied while other variables remain constant. Two sets of bounding temperatures, 300K-
80K and 80K-40K, are used. The first set of temperature, 300K-80K, investigates the boundary layer 
losses and applicability of pulse tube refrigeration in the first stage of a typical two-stage cryocooler, 
while the second set, 80K-40K, is representative of a typical second stage of a cryocooler. The operating 
frequency varies from 175 Hz to 300 Hz and the aspect ratio of the pulse tube is varied from 6 to 14.  

The cold and hot heat exchangers which are located on the two ends of the pulse tube depicted in 
Figure 2 are arbitrary and are meant to provide isothermal and uniform flow entering the pulse tube. The 
length of these heat exchangers is 0.3 times the length of the pulse tube. The heat exchanger inertial 
resistance, which represents inertial loss in porous media, and porosity are set to 8147m-1 and 0.68, 
respectively, and are held constant for all cases. 
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The inlet and outlet are subject to oscillating mass flow rates with a fixed phase angle of 30 degrees 
(cold end leading). Details of the mass flow rate amplitude at both cold and hot ends are described in 
the next section. The temperature of the gas and the heat exchanger wall at the cold end are set to 𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,  
while the temperature of the gas and the heat exchanger wall at the hot end are set to 𝑇𝑇ℎ𝑐𝑐𝑜𝑜. The wall of 
the pulse tube is assumed to be insulated and have zero heat flux. The system is axisymmetric. 

 

 
Figure 2. Computational domain with boundaries. 

Table 1. Model parameters. 

Model parameter Value  
Working gas Helium 

Frequency (𝑓𝑓) Varies between 175 – 300 Hz (sinusoid) 

Cold end temperature (𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐) Varies between 80 – 190 K at 𝑇𝑇ℎ𝑐𝑐𝑜𝑜= 300 K, 
Varies between 40 – 60 K at 𝑇𝑇ℎ𝑐𝑐𝑜𝑜= 80 K 

Hot end temperature (𝑇𝑇ℎ𝑐𝑐𝑜𝑜) 
Varies between 300 – 190 K at 𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐= 80 K, 

Varies between 80 – 60 K at 𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐= 40 K 

Mean pressure (𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚) 1.54 – 1.59 MPa (derived after running simulation, 
not specified explicitly) 

Cold and hot mass flow rate phase angle (𝜃𝜃) 30° cold end leading 
Pulse tube diameter (𝐷𝐷) 1, 4, 7 mm 
Pulse tube length (𝐿𝐿𝑃𝑃𝑃𝑃) Derived based on aspect ratio 

Pulse tube aspect ratio (𝐿𝐿𝑃𝑃𝑃𝑃/ 𝐷𝐷) Varies between 6 – 14     
Heat exchanger diameters 𝐷𝐷 

Heat exchanger lengths (𝐿𝐿𝐻𝐻𝐻𝐻) 0.3𝐿𝐿𝑃𝑃𝑃𝑃  

Heat exchanger viscous resistance 7.435×108 m-2 
Heat exchanger inertial resistance 8147 m-1 

Heat exchanger porosity 0.68 

3.  Theory and method of solution 
By assuming incompressible and Newtonian fluid, the continuity, momentum and energy equations 
which are numerically solved are as follows: 

∂uj
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 = 0 (1) 
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where 𝜈𝜈, 𝜌𝜌, 𝑐𝑐, and 𝑘𝑘 are kinematic viscosity, density, specific heat, and conductivity of the fluid, 
respectively. Temperature dependent properties at 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚, which is the average working pressure in the 
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pulse tube, are used for other thermodynamic parameters. Temperature dependent properties are 
extracted from Engineering Equation Solver (EES) software [6] for the 300K-40K temperature rage, at 
𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚. For convenience, however, polynomial regression is fitted to these data and the forthcoming 
equations for density, dynamic viscosity, heat capacity and conductivity are derived: 
 

 ρ �
kg
m3�  = - 2×10-6T 3+ 0.0013T 2- 0.2944T + 25.43 (4) 

 μ �
kg
m.s

�  = 5×10-8T + 4×10-6 (5) 

 c �
kJ

kg.K
�  = - 3×10-8T 3 + 2×10-5T 2 - 0.0041T + 5.459 (6) 

 k �
W

m.K
�  = 0.0004T + 0.0313 (7) 

Mass flow rate amplitude at both cold and hot ends of the pulse tube are calculated based on gas 
displacement through the pulse tube in each half cycle. In typical pulse tube cryocoolers, the gas volume 
displaced in a half cycle is approximately 25% of the total volume of the pulse tube. The amplitude of 
the mass flow rate can be normalized with respect to pulse tube size mathematically by [3]: 

dV = dVc = dVh = 0.25VPT = 0.25
πD2

4
LPT (8) 

dMc=
dV × Pmean

R × Tcold
,        dMh=

dV × Pmean

R × Thot
  (9) 

|ṁcold| = √2
dMc

dt
 = √2 × dMc × 2f,         |ṁhot| = √2

dMh

dt
 = √2 × dMh × 2f    (10) 

where 𝑅𝑅 is ideal gas constant. 
In evaluating the effect of miniaturization on cooling performance, the efficiency is defined based 

on the ratio between cycle average enthalpy transport rate and the input PV power in each cycle: 

η = 
< Ḣ > 
< PV̇ >

 (11) 

The cycle average enthalpy transport rate and input PV power can be calculated, respectively, from: 

 < H ̇ > =
∫ �∫ ρvaxial �h+ 1

2 |v|2� 2πrdrD/2
0 � dtcycle

tcycle
 (12) 

 < PV̇ > = 
1
2

RTcold �
Pamp

Pmean
� |ṁcold|cosθ (13) 

where 𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑚𝑚 is period time of a cycle, 𝑣𝑣𝑚𝑚𝑎𝑎𝑎𝑎𝑚𝑚𝑐𝑐 is flow velocity in the axial direction, and 𝑃𝑃𝑚𝑚𝑚𝑚𝑎𝑎 is pressure 
amplitude (𝑃𝑃𝑚𝑚𝑚𝑚𝑎𝑎 − 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚) in pulse tube. 

4.  Numerical solution procedure 
ANSYS Fluent [7] is used for performing this sensitivity analysis and solving equations 1-3. The 
oscillating mass flow rate is applied at the inlet and outlet of computational domain by the aid of a user 
define function (UDF) in Fluent, according to:  

ṁinlet = |ṁcold|sin(2πft),     ṁoutlet = |ṁhot|sin(2πft - θ) (14) 
where |�̇�𝑚𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐| and |�̇�𝑚ℎ𝑐𝑐𝑜𝑜| are calculated from equation 10. The UDF code is developed in C++ [8]. 

 Simulations for grid size effect showed that grid independent solutions can be achieved with 640 
axial elements (120 elements for each heat exchanger and 400 elements for pulse tube) and 50 radial 
elements. Using significantly finer grids led to less than 0.8% change in cycle average enthalpy transport 
rate across the pulse tube. To capture the boundary layer effects, finer mesh is used at the wall by 
defining a bias factor of 2.25 in radial direction whereby ∆r of centerline elements (elements at the axis) 
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are 2.25 times of elements at the wall. This mesh is shown in Figure 3 for a portion of computational 
domain. 

 
Figure 3. Mesh generation on the portion of pulse tube and cold heat exchanger. 

The analysis is two-dimensional and axisymmetric. Pressure based solver with SIMPLE algorithm 
is used to solve pressure-velocity coupling. For discretization of governing equations, the standard 
second order method for pressure, second order upwind scheme for momentum and energy equations, 
and least squares method for gradients is implemented by finite volume technique. For convergence 
criteria, the residual is set to 10-6 for continuity and momentum equations, and 10-13 for energy equation. 
The analysis is transient and the time step is set to 1.66 × 10−5. The periodic steady state solution, 
where the cyclic variation of all parameters is repeated identically, was achieved after 100 cycles for all 
simulation cases. Post processing of results was performed by MATLAB [9] and Tecplot [10]. 

 

5.  Results and discussion 
Figure 4 illustrates the convergence of the simulations. Cases with different diameters at 𝑇𝑇ℎ𝑐𝑐𝑜𝑜= 300 K, 
𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐= 80 K and 𝑓𝑓= 200 Hz are shown in Figure 4 as examples. Figure 4 (a) shows that periodic steady 
state solution is achieved after 100 cycles based on the cycle average total enthalpy flux at the middle 
of the pulse tube. Figure 4 (b) shows that the cycle average total enthalpy flux reaches a constant value 
along the entire pulse tube once periodic steady state has been achieved. The axial position in the pulse 
tube is divided by 𝐿𝐿𝑃𝑃𝑃𝑃 for the sake of normalization. 

 
(a) 

 
(b) 

Figure 4. Convergence of results for cases with 𝑇𝑇ℎ𝑐𝑐𝑜𝑜= 300 K, 𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐= 80 K, and f= 200 Hz, (a) the effect 
of number of cycles on convergence of cycle average total enthalpy flux at the middle of the pulse tube, 
(b) cycle average total enthalpy flux throughout the length of the pulse tube at steady periodic conditions 
(100th cycle).  
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Figure 5 illustrates the dependence of the boundary layer on pulse tube size for 𝑓𝑓= 300 Hz and a 
constant pulse tube aspect ratio of 10, for different bounding temperatures. The cold and hot heat 
exchangers are not shown and the diameter to length ratio has been multiplied by 4 for better 
visualization of boundary effects. The top edge is wall and the bottom edge is axis in each contour. 
These contours are at 1/4 cycle where the mass flow rate is maximum at the cold end. As diameter 
decreases, radial variation of temperature as well as mixing in flow direction (left to right) increases 
which leads to more boundary losses. Also, comparing Figures 5 (a) and 5 (b) indicates significantly 
less steep temperature gradients at the wall for the 𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐= 40 K and 𝑇𝑇ℎ𝑐𝑐𝑜𝑜= 80 K cases. This is shown 
quantitatively in Figure 6 where the standard deviations of the distribution of fluid temperatures over 
the cross-section of the pulse tube at the middle of the pulse tube during a cycle are plotted. Larger 
values of standard deviation indicate more deviation from one-dimensional flow, hence more boundary 
layer losses.  

 

 

 

 
(a)  

 

 

 
(b) 

𝐷𝐷= 1 mm 
 

𝐷𝐷= 4 mm 

 
𝐷𝐷= 7 mm 

 

Figure 5. Temperature contours (K) at 1/4 cycle for 𝑓𝑓= 300 Hz with a pulse tube aspect ratio of 10, (a) 
𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐= 80 K and 𝑇𝑇ℎ𝑐𝑐𝑜𝑜= 300 K, (b) 𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐= 40 K and 𝑇𝑇ℎ𝑐𝑐𝑜𝑜= 80 K. 

 
Figure 6. Standard deviation of the distribution of temperature over the cross-section of the pulse tube 
for 𝐷𝐷= 1 mm, 𝑓𝑓= 300 Hz, and aspect ratio of 10 at the middle of pulse tube (𝐿𝐿𝑃𝑃𝑃𝑃/2). 

Figure 7 shows the effect of various parameters and miniaturization on the efficiency of the pulse 
tube. The efficiency is defined in equation 11. Figure 7 (a) shows the effect of 𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 variation on 
efficiency at 𝑓𝑓= 300 Hz, and aspect ratio of 10, where 𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 varies from 80 K to 190 K and from 40 K 
to 60 K while 𝑇𝑇ℎ𝑐𝑐𝑜𝑜 remains constant at 300 K and 80 K, respectively. In all cases, as 𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 increases the 
efficiency improves. This happens because temperature gradient decreases across both sides of the pulse 
tube and that leads to more moderate axial variation of temperature and lower boundary layer losses.  

Similar trends are observed when 𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 remains constant and 𝑇𝑇ℎ𝑐𝑐𝑜𝑜 is varied, as shown in Figure 7 
(b). Aspect ratio and frequency are the same as those for Figure 7 (a), and 𝑇𝑇ℎ𝑐𝑐𝑜𝑜 is changing from 300 K 
to 190 K and from 80 K to 60 K while 𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 remains constant at 80 K and 40 K, respectively. Increasing 
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𝑇𝑇ℎ𝑐𝑐𝑜𝑜 leads to an increase in temperature gradient and lowering of the efficiency. Once again, when 𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 
is 40 K, much higher efficiency is achieved in comparison to the other set of simulations where 𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐= 
80 K. 

The simulations with bounding temperatures of 80K-300K show drastic reductions in efficiency as 
the pulse tube diameter decreases.  However, this is not observed for the temperature range of 40K-80K 
mainly because of their smaller temperature gradients. This suggests that although at high frequencies 
miniaturize pulse tubes are not useful at the first stage of cryocoolers, such miniature pulse tubes can be 
used in the second stages of hybrid Stirling/pulse tube cryocoolers.   

Figure 7 (c) and (d) examine the effects of aspect ratio and working frequency. Fixed bounding 
temperatures of 80K-300K and 40K-80K are applied for these cases, with an aspect ratio of 10, while 
the frequency is varied from 175 Hz to 300 Hz.  Furthermore, the effect of aspect ratio is examined at a 
fixed frequency of  𝑓𝑓= 300 Hz while the aspect ratio is varied from 6 to 14. Figure 7 (c) indicates that 
increasing the aspect ratio improves the efficiency. Increasing the aspect ratio while the diameter is 
constant leads to an increase in the pulse tube length, a more moderate temperature gradient across the 
pulse tube, and thereby an efficiency improvement. Frequency has the least effect on the efficiency as 
shown in Figure 7 (d). The efficiency improves only slightly as the frequency is decreased.   
 

 
     (a) 

 
       (b) 

 
      (c) 

 
     (d) 

Figure 7. Effect of different parameters on pulse tube efficiency, (a) effect of cold end temperature, (b) 
effect of hot end temperature, (c) effect of aspect ratio, (d) effect of frequency.  
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6.  Conclusion 
A CFD-assisted study was performed as a follow-up to our previous work [3] to investigate the effects 
of geometric parameters and operating conditions on boundary layer losses in miniature pulse tube 
cryocooler. The effects of diameter, bounding (cold and warn end) temperatures, frequency and pulse 
tube aspect ratio on pulse tube efficiency were investigated. It was shown that, for the parameter ranges 
addressed in this study, the pulse tube efficiency deteriorates drastically as the diameter shrinks from 7 
mm to 1 mm, particularly when the cold and warn end temperatures were equal to 80 K and 300 K, 
respectively. These results confirm that miniature pulse tubes are not appropriate for the first stage of 
miniaturized cryocoolers that function at high frequency. However, lowering the temperature gradient 
across the pulse tube by reducing the bounding temperatures as well as increasing the aspect ratio of the 
pulse tube improve the efficiency of the pulse tube, implying that miniature pulse tubes can be an 
appropriate option for the second stage of miniaturized cryocoolers. 
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