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ABSTRACT
Conductive and radiative losses in pulse tube cryocoolers are difficult to predict, particularly in 

a coaxial configuration. The static losses in a pulse tube must be accounted for and factored when 
determining the cooling power and the thermal losses as a result of radiation must be quantified 
to establish their significance. Studies have previously shown that there is a discrepancy between 
computationally simulated cooling performances and experimentally measured values. This could 
be attributed to the under-prediction of thermal losses in numerical models. A lumped parameter 
model using ESATAN-TMS was created to determine the thermal losses in a coaxial pulse tube 
cryocooler in order to independently investigate the role the estimation of these losses may play 
in the discrepancy between experimental and computed values. The conductive losses simulated 
closely matched those determined by the Sage numerical model, and the radiative losses appear 
to be negligible. An analysis of an independent method for simulating thermal losses of a coaxial 
pulse tube and its impact on cooling performance is presented.

INTRODUCTION
Pulse tube cryocoolers provide active cooling for space instruments, superconducting devices, 

and other terrestrial equipment to cryogenic temperatures. The pulse tube cryocooler operates by 
running helium gas through thermodynamic cycles to achieve cooling at the cold head. This cooling 
depends on a well-designed interplay between the mass flow and pressure pulse within the pulse 
tube and regenerator [1]. Pulse tube cryocoolers are often designed in a coaxial configuration in 
order to reduce dead volume and enhance the ease of integration between the cooling interface and 
the cold head [2]. 

The thermal losses in the pulse tube cryocooler can be difficult to predict, especially when in a 
coaxial configuration, and should be quantified accurately as the losses affect the overall cooling per-
formance and efficiency of the cryocooler. It is further important to ascertain the significance of any 
radiative losses of the system. Numerical models can be used to predict the performance of the pulse 
tube cryocooler. A coaxial Stirling pulse tube cryocooler (SPTC) with an active displacer was previously 
numerically studied [3] and experimentally investigated [4]. A discrepancy was observed between the 
experimentally measured performance and the numerically computed output. Some attempts were made 
to improve the model validation by tying certain regions to known measured temperatures from the 
experimental findings, in order to minimize the discrepancy. Given that it is difficult to fully replicate 
the complex coaxial geometry in the numerical Sage model, there is a possibility that the conductive 
losses are underestimated, thereby impacting the numerically simulated cryocooler performance. 
As such, it is of use to conduct an independent investigation of the conductive losses in the cryocooler 
and investigate the magnitude of any radiative losses. 
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ESATAN-TMS was selected as a suitable software for modelling the thermal losses [5]. 
This permitted the creation of a lumped parameter model of the coaxial pulse tube in order 
to predict the thermal losses. The output from these simulations were then fed back into the 
existing numerical model to re-validate the experimental findings of cryocooler performance 
with the numerical simulation. This paper outlines the modelling methodology and findings of 
thermal losses, focusing on conductive and radiative thermal losses. 

SP TC DE SIG N &  MODE L L ING

Coax ial  p ul se tub e design
A schematic of the pulse tube in the coaxial arrangement is shown in Figure 1. The pulse 

tube is a 90 mm long G10 epoxy-glass tube fitted into the regenerator, which is a 60 mm 
long Stainless Steel 316 (SS316) tube with a wall thickness of 0.25 mm. Flow reversal oc-
curs at the coaxial cold head and there is a flow straightener at either end of the pulse tube. 
The structure is surrounded by an aluminised Mylar radiation shield before being placed into 
the vacuum tank.

Numeric al  Model  V al idation
The performance of the SPTC with an active displacer is shown in Figure 2, indicating how 

the cooling power and relative Carnot efficiency changes with displacer phase (left) and stroke 
(right). In blue, the cooling power for both experimental data and the simulated performance 
(using Sage software) can be seen. The Sage model was improved by tying certain boundar-
ies to temperatures measured during experiments. The discrepancy in the model validation is 
approximately 0.5 W when averaged across the sweeps in terms of cooling power, and an average 
of 4% difference in relative Carnot efficiency. This discrepancy could potentially be attributed to 
the underestimation in the numerical model of the conductive losses in the system. These can be 
difficult to model due to the complex coaxial geometry of the pulse tube and regenerator. These losses 
are critical as they transfer thermal energy from the warm end to the cold end, degrading the 
cooling performance. The Sage numerical model computes 0.65 W of conductive losses in the 
coaxial SPTC.

E SATAN- TMS sof tware
ESATAN-TMS was the software identified for modelling the conductive and radiative losses of the 

cryocooler. The software is written in standard ANSI Fortran 77 and allows lumped parameter modelling. 

F igure 1. A schematic of the pulse tube and coaxial regenerator.
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F igure 2. Change in cooling power and relative Carnot efficiency as displacer phase is varied (left) 
and displacer stroke is varied (right). The discrepancy between the Sage model output compared to the 
experimentally determined performance can be observed.
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The prediction of temperature distributions can be achieved across modelled nodes, in which each 
are modelled to represent a key region in the pulse tube where the temperature is affected by sig-
nificant heat transfer. The software does not permit convective modelling, however, and thus CFD 
and coupled multi-physics simulations will be required for this. Typical inputs that are applied to 
the nodes include thermal conductivity, specific heat capacity, and thermo-optical surface properties, 
such as emissivity and absorptivity. 

Material  P rop erties
The material properties of the surfaces used for the conductive and radiative model are shown 

in the Table 1 and Figure 3. As a key input affecting the output of the model, the material properties 
need to be as accurate as possible. Furthermore, the variation due to temperature, particularly over a 
wide range of 80-300 K, has to be accounted for. The following curve fitting equation for material 
properties was utilised to obtain values across the 80 K to 300 K temperature range in the pulse tube. 
The coefficients a-f, representing the material properties, are obtained from the NIST Cryogenic 
Material properties database [6]. The obtained distributions, shown in Figure 3 for thermal con-
ductivity and specific heat capacity, are then fed into the model as temperature-dependent matrices.

log10 y =  a +  b (log10T) + T) + T c(log10T)T)T 2 +  d(log d(log d 10T)T)T 3 +  e(log10T)T)T 4 +  f(logf(logf 10T)T)T 5 (1)

MODE L L ING  AND ANAL YSIS

Conduc tiv e l osses
The conduction between nodes is calculated as shown in Equation 2, where Q  is the heat 

flux (W), k  is the thermal conductivity, k  is the thermal conductivity, k A is the surface area, ΔT is the temperature difference beT is the temperature difference beT -
tween the two nodes, and l is the length. The linear conductance used in ESATAN-TMS that arises l is the length. The linear conductance used in ESATAN-TMS that arises l
from thermal conductance is represented by G L, as given in Equation 3, which is the form of the 
output from the model.

Q  = k  A ΔT /T /T  l / l / (2)
G L = k  A / l / l / (3)

F igure 2. Change in cooling power and relative Carnot efficiency as displacer phase is varied (left) 
and displacer stroke is varied (right). The discrepancy between the Sage model output compared to the 
experimentally determined performance can be observed.

Tab l e 1. The emissivity coefficients for the regenerator (SS316) and the pulse tube (G10).
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The contact conductance is best determined experimentally for materials, as they are affected 
by factors such as surface finish, temperature, as well as the pressure applied at the contact. Figure 4 
shows the user interface representation of the axi-symmetrical model of the regenerator and pulse tube. 
The coaxial regenerator is shown in green and the pulse tube in blue, and the sections indicate the 
different nodes modelled. The heat flow was computed both radially and axially. The simulated total 
conductive losses were found to be approximately 0.7 W. Table 2 shows the conduction output from 
the simulation. 

F igure 3. Thermal conductivity and specific heat capacity as a function of temperature for the SS316 
regenerator (above) and the G10 pulse tube (below). These distributions were the material property inputs 
for both components, in addition to the parameters in Table 1.

C21_121

F igure 4. The coaxial regenerator (green) and the pulse tube (blue) modelled in ESATAN-TMS. The sections 
indicate the nodes modelled. The x, y, and z model axes are also shown. Note that this particular diagram solely 
depicts the surfaces.

Tab l e 3. The calculated output for the radiative ray tracing model, as a result of computed GR values, 
between all node surfaces firstly from the regenerator to the pulse tube, and secondly, in the opposite direction.
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Radiativ e l osses
The radiative losses from the pulse tube system required quantifying to ascertain their signifi-

cance. ESATAN-TMS uses enhanced Monte-Carlo ray tracing algorithms to calculate view factors. 
This allows for rapid analysis of radiative heat exchange between surfaces. The G R , the radiative 
coupling between two surfaces 1 and 2, is given by Equation 4, and is the form the model output takes,
     G R 1,2 =  ε σ A F1,2 ε σ A F1,2 ε σ A F  (T 1T 1T 4 – T 2T 2T 4) (4)

where ε the emissivity, σ is the Stefan-Boltzmann constant, σ is the Stefan-Boltzmann constant, σ A is the surface area, F1,2 is the view 
factor between surfaces 1 and 2, and T  the temperature. T  the temperature. T

Table 3 shows the calculated total radiative heat flux from the coaxial regenerator-pulse tube 
arrangement. The computed values are expectably low, and radiative heat flux from the G10 pulse 
tube was negligible. 

Tab l e 2. The G L output and the corresponding conduction calculated for the regenerator and 
the pulse tube in the coaxial arrangement shown in Figure 4.

F igure 4. The coaxial regenerator (green) and the pulse tube (blue) modelled in ESATAN-TMS. The sections 
indicate the nodes modelled. The x, y, and z model axes are also shown. Note that this particular diagram solely 
depicts the surfaces.

Tab l e 3. The calculated output for the radiative ray tracing model, as a result of computed GR values, 
between all node surfaces firstly from the regenerator to the pulse tube, and secondly, in the opposite direction.
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The conductive and radiative losses of the regenerator and the pulse in the SPTC were computed 

using ESATAN-TMS. The combined total thermal losses were found to be approximately 0.7 W, closely 
matching the value of 0.65 W computed by the Sage numerical model. The radiative losses from the coaxial 
regenerator and pulse tube arrangement were considerably lower. The discrepancy in the model validation 
is due to many factors and does not seem attributable to errors in the conduction loss calculations alone. 
Figure 2 indicates that the difference in performance is not consistent, rather, it changes with varying 
stroke and phase angle. This matter requires further investigation, where unaccounted dead volumes in 
the experimental setup may need to be matched up with the numerical model. In addition to this, further 
analysis would require a thermo-fluid model to assess any convective losses, particularly those due to flow 
mixing, to complete a holistic assessment of all thermal losses within the system.
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ABSTRACT
A semi-active electromagnetic damping mechanism was developed to externally control the 

phase shift and amplitude at the hot end of a pulse tube (PT) cryocooler. The semi-active phase shift 
(SAPS) mechanism was designed, built and tested, and included a voice coil suspended on a silicon 
diaphragm and a flexural bearing. The development included theoretical calculations, numerical 
optimization using SAGE®, flexure bearing optimization and development, off-the-shelf voice 
coil selection and modal simulations of the entire system using ANSYS® finite element software.

The goal was to obtain the optimum phase shift between pressure and flow rate and thus reach 
the optimal cryocooler performance. During experiments, a stick-slip phenomenon inherent to the 
voice coil influenced the cryocooler performance, and the lowest temperature observed in the ex-
periments was 225K  (without vacuum in the containing chamber) at 100 Hz operational frequency. 
However, the results show that the system was capable of externally tuning the cold end temperature, 
and provided a proof of concept for the application of external phase shift and amplitude tunable 
mechanism.

INTRODUCTION
The pulse tube (PT) cryocooler, based on the Stirling thermodynamic cycle, operates with oscil-

lating pressure and mass flow and has no moving displacer at the cold end. The main advantage of 
such a cryocooler involves longer life-times together with higher efficiency, essential for operational 
systems with high reliability requirements.

It was investigated and proved that the optimal phase relationship between the flow and pres-
sure in a pulse tube cryocooler is that in which the flow at the regenerator midpoint is nearly in 
phase with the pressure, which infers a flow-to-pressure phase difference at the warm end, typically 
around -60 degrees [1].

One of the most common passive methods of the flow-to-pressure phase shifting involves the 
use of an inertance tube (IT) combined with a reservoir. When attempting to miniaturize this type 
of cryocooler, the efficiency degrades since the resistive fluid impedance increases rapidly with 
decreasing size. In previous research, an innovative phase shifter using an IT filled with liquid, 
and separated by a sealed metallic diaphragm has been implemented and tested [2]. This compact 
cryocooler operated at 8-80K  and validated the device in operation. In order to optimize perfor-
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