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ABSTRACT: Pulse tube cryocoolers are widely employed in cryogenic systems, where gas contamination has become
a critical factor limiting both performance and service life. To further investigate the condensation behavior of
contaminants, this study develops a two-dimensional axisymmetric model of a linear-type cryocooler to simulate
the transport and deposition processes of trace CO2, evaluating the impact of contamination on system pressure
drop under various operating conditions. Results indicate that CO2 diffusion is primarily driven by concentration
gradients. The CO2 deposition rate increases markedly at low temperatures and high concentrations, with over
90% of deposition occurring in the cold-end heat exchanger. Under different concentration distributions, dry ice
predominantly accumulates in the cold-end heat exchanger; however, notable differences emerge in the pulse tube. In
the uniform distribution case, CO2 tends to deposit along the inner wall of the pulse tube, whereas in the gradual release
scenario, deposition mainly occurs on the cold-end flow straightening mesh screen. Dry ice deposition significantly
increases the pressure drop across the system and decreases the pressure wave amplitude, resulting in a degradation
of cooling capacity. This study lays a foundation for further investigation into the thermal properties of contaminant
layers and provides theoretical guidance for optimizing cold-end components to improve contamination resilience.
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1 Introduction
Due to their compact structure, low vibration, low operating temperature, and environmental friend-

liness [1–3], regenerative cryocoolers are widely used in advanced applications such as aerospace [4–6],
cryogenic medicine [7], precision instrument cooling [8], and low-temperature preservation [9]. For
aerospace cryocoolers, service life and reliability are critical performance indicators [10]. Performance
degradation is primarily caused by four factors: (1) spring fatigue failure, (2) piston–cylinder assembly wear,
(3) working fluid leakage, and (4) gas contamination [11]. While technological advances—including gas
bearings, gap seals, and surface coatings—have effectively mitigated the first three failure mechanisms, gas
contamination remains a significant challenge that continues to limit the service life and reliability of pulse
tube cryocoolers (PTC) [12].

Current research on gas contamination in cryocoolers predominantly focuses on two critical aspects:
service life prediction and the release-condensation behavior of contaminants. Significant investigations
have been conducted concerning outgassing mechanisms of internal materials, contaminant migration
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from compressor to cold finger, and accelerated life testing techniques [13–16]. Contaminants are broadly
categorized into two main types: free gas contaminants and bound gas contaminants. Hall’s foundational
research utilized mass spectrometry to detect significant alterations in gas composition following the
operation of a 60 K cryocooler, reporting markedly increased concentrations of water vapor, nitrogen, and
carbon dioxide. Subsequent identification of hydrogen and methane was ascribed to thermal degradation
of organic materials under high-temperature operating conditions [17]. Yuan’s investigation demonstrates
that elevated temperature baking effectively suppresses contaminant liberation, though the requirement of
sustained 100○C heating for seven days presents substantial challenges for large-scale applications due to
extended processing durations [18]. Getmanits established an accelerated life-testing protocol specifically
designed for contamination-related failure analysis [19]. Ma experimentally investigated the influence of
50–150 ppm nitrogen contamination on a 40 K pulse tube cryocooler, revealing a two-stage performance
degradation mechanism and establishing a correlation between temperature instabilities and recurring phase
transition processes [20].

Due to the sealed steel enclosure of cryocoolers, direct observation of contaminant phase transitions
via conventional experimental methods remains challenging. These transitions are often accompanied by
complex oscillatory flow and heat transfer phenomena, making numerical modeling essential. To address
this, extensive research has been conducted on flow mechanisms and structural optimization. Muralidhar
and Suzuki developed an anisotropic porous media model for regenerators in PTC, laying a theoretical
foundation for simulating porous flow under thermal non-equilibrium conditions [21]. Ju and de Waele
proposed a hybrid Euler–Lagrange model to provide further insight into oscillatory flow in low-temperature
cryocoolers, while Flake and Razani employed commercial CFD tools to reveal two-dimensional flow
features [22,23]. Furthermore, efforts to improve prediction accuracy and efficiency have included Rezaei
and Atrey examination of real gas effects, Yan et al.’s investigation of tapered pulse tubes to improve flow
uniformity, and Duan’s structural optimization of a displacer-type PTC using moving mesh models [24–26].

Numerical Studies on Contaminant Transport and Deposition In contrast to general performance
simulations, research specifically targeting contaminant behaviors remains limited. He et al. studied water
vapor contamination in Stirling cryocoolers, evaluating the effects of frost morphology on flow resistance
and highlighting the critical role of contaminant distribution [27]. Feng simulated nitrogen frosting under
varying partial pressures, revealing that temperature fluctuations near the phase-change point are driven by
repeated condensation and sublimation cycles [28]. Most recently, Ma et al. performed two-dimensional CFD
simulations of a coaxial PTC to analyze ethylene contamination distribution, showing that condensation
occurs primarily near the pulse tube ends [29].

However, it should be noted that while numerical modeling has been extensively applied to optimize
cryocooler structures, the simulation of contaminant phase-change behavior remains relatively limited.
Currently, most researchers primarily focus on coaxial pulse tube cryocoolers or investigate specific
contaminants such as nitrogen and water vapor. The previous investigations have indicated that, under
identical operating conditions, in-line PTCs exhibit superior cooling performance compared to their coaxial
counterparts [30]. Meanwhile, CO2 as a major byproduct of organic material outgassing and thermal
degradation, will continuously release into the cryocooler during long-term operation. The temperature
region of 120–160 K is a critical operating range for this study, which aligns with the saturation temperature
of trace CO2. In summary, there is a lack of sufficient research on the deposition patterns and transport
mechanisms of CO2 in such in-line configurations, which is extremely important for ensuring reliability and
developing contamination-resilient components.

In this paper, a two-dimensional axisymmetric model of an in-line PTC has been established. The trans-
port and deposition behaviors of CO2 under various concentrations have been simulated. The deposition
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distribution patterns under different initial conditions have been studied, and the impact of the resulting
blockage on system pressure drop and cooling capacity has been further analyzed.

2 Simulation of the Deposition Process of CO2

2.1 Cooling Mechanism of PTC
According to the enthalpy flow phase modulation theory, the cooling effect of a PTC is primarily

driven by the net enthalpy flow induced by oscillatory gas motion [31]. By introducing an appropriate phase
difference between the pressure wave and the mass flow, the system enables continuous heat absorption at
the cold end and heat rejection at the warm end. The core of this mechanism lies in the directional transport
of the time-averaged enthalpy flow. The net cooling power can be defined as:

Qc =
1
τ ∫

τ

0
ṁhdt =

cp

Rg τ ∫
τ

0
pU̇dt (1)

where Qc is the cooling power, τ is the period, ṁ is the instantaneous mass flow rate, h is the specific enthalpy,
t is the time, cp is the specific heat at constant pressure, Rg is the universal gas constant, p is the pressure of
gas, U̇ is the volumetric flow rate.

As a critical component of PTC, the regenerator operates under oscillating flow conditions, which can
generally be divided into two phases: the hot-blow phase and the cold-blow phase. In the hot-blow phase,
high-pressure, high-temperature gas enters the regenerator from the inlet and flows through the wire mesh.
During this process, heat is transferred from the gas to the regenerator matrix, resulting in a decrease in gas
temperature. In the subsequent cold-blow phase, low-temperature gas flows in the reverse direction through
the regenerator, absorbing heat from the matrix. As a result, the gas temperature increases while the matrix
temperature decreases. This oscillating process enables the regenerator to efficiently regulate gas temperature
in each cycle, thereby ensuring the stable operation of PTC.

2.2 Physical Model and Meshing
In this study, the two-dimensional axisymmetric model was strictly established based on the geometry

of an experimental in-line PTC prototype developed in our laboratory. The system primarily consists of
three major components: the compressor, the cold finger, and the phase shifter. The cold finger includes the
aftercooler (AC), regenerator (REG), cold-end heat exchanger (CHX), pulse tube (PT), and hot-end heat
exchanger (HHX). Both ends of the pulse tube are equipped with a flow straightening mesh screen (FS),
which serves to enhance heat transfer, suppress turbulence, and reduce flow resistance. The REG and the FS
are filled with 150# stainless mesh and 60# copper mesh, respectively. Since contaminant deposition occurs
primarily between the REG and the PT, the numerical model focuses exclusively on this section, as illustrated
in Fig. 1. The key geometric parameters of the model components are summarized in Table 1.

To accurately simulate the deposition process of contaminant gas in PTC, the mesh design in this
study was carefully optimized. Since phase change predominantly occurs between the REG and the PT, this
region requires refined meshes. Such refinement enables more precise resolution of the subtle transitions
from the gaseous to the solid phase and enhances the overall stability of the numerical simulation. To
ensure the reliability of the numerical results, a grid independence study was conducted by monitoring
the total volume fraction of dry ice under typical operating conditions. As illustrated in Fig. 2, the mesh
quantity was gradually increased from 3.5 × 104 to 6.0 × 104. The results indicate that the solution becomes
grid-independent when the cell count exceeds 4.4 × 104. Specifically, the relative deviation in the predicted
dry ice volume between the mesh with 4.4 × 104 cells and the finer mesh with 5.5 × 104 cells is less than 0.5%.
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Considering both computational accuracy and efficiency, the grid system with 4.4 × 104 cells was selected for
all subsequent simulations.

Figure 1: 2D axisymmetric model of the PTC

Table 1: Parameters of the 2D CFD model

Components Length (mm) Diameter (mm) Porosity
REG 55.5 23.8 0.75
CHX 39.9 23.8/13.6 0.12
FSC 3.0 13.6 0.72
PT 113.0 13.6 1.00

FSH 4.0 13.6 0.72

Figure 2: Results of grid independence verification

2.3 Boundary Conditions and Initial Conditions
Due to the frequent oscillations of the gas within the system, its velocity varies nearly sinusoidally over

time. When the velocity is positive, the working fluid flows in the forward direction; conversely, when the
velocity is negative, reverse flow occurs. The pressure variation follows a similar trend. As illustrated in Fig. 3.
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The inlet velocity of the hot end of the regenerator is:

vin = va sin(2π f t + θ) (2)

The outlet pressure at the hot end of the pulse tube is:

pout = p0 + pa sin(2π f t) (3)

where vin is the inlet velocity, va is the velocity amplitude, f is the frequency, θ is the phase difference between
pressure waves and velocity waves, pout is the outlet pressure, p0 is the charge pressure of the machine, pa is
the pressure amplitude.

Figure 3: Pressure waves and velocity waves

Both functions are time-dependent and are imported via UDF. The operating parameters were selected
to match the optimal experimental conditions of the physical prototype. Specifically, 65 Hz was chosen as
the operating frequency because experimental results indicated that the system achieves optimal acoustic
impedance matching and maximum cooling efficiency at this point [32].

Under ideal conditions, the inlet effect of the regenerator is neglected, and it is assumed that the
temperatures of both the regenerator and the pulse tube have reached a steady state. To accelerate the
convergence of the numerical model, the initial temperature field of the REG and PT is initialized with a
linear gradient. To ensure efficient heat exchange, a no-slip boundary condition is applied to the regenerator
wall, while the temperature follows an adiabatic boundary condition. Furthermore, the wall temperature of
the cold end heat exchanger is set to be constant at 160, 140, and 120 K. The initial temperature distribution
is shown in Fig. 4.

Figure 4: Initial temperature distribution
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In this study, Helium is used as the working fluid in the PTC, and CO2 is selected as the research object
of contaminant to investigate the sublimation process. In PTC, CO2 generally exists in a gas–solid two-
phase state. Owing to its relatively high deposition point, CO2 undergoes a phase change at 194.7 K under
atmospheric pressure, which is significantly higher than the typical operating temperatures of PTC. As a
result, CO2 tends to exist in the form of solid dry ice within the system. In severe cases, it can accumulate and
obstruct porous screens or slit-type heat exchangers, thereby degrading the cooling performance. Moreover,
due to significant variations in temperature within the system, the thermophysical properties of the gas,
particularly dynamic viscosity and thermal conductivity, are strongly temperature-dependent. To accurately
account for these variations, these properties were obtained through polynomial curve fitting based on data
from the NIST database and were incorporated into the numerical model via UDF. This implementation
allows for the dynamic update of transport properties in each computational cell, ensuring precise calculation
of flow resistance in the porous media. According to Dalton’s law of partial pressure, the ratio of partial
pressures is equal to the ratio of volumes. The saturation temperatures of CO2 under different pressures are
listed in Table 2.

Table 2: Saturation temperature of CO2

Concentration (ppm) Saturation pressure (Pa) Saturation temperature (K)
2000 6000 165.4
1000 3000 159.6
500 1500 154.2

The initial CO2 concentration in PTC is set under two conditions to simulate different operational states:
one with zero initial concentration, representing the scenario where trace CO2 is gradually released from the
compressor’s back-pressure chamber into the pure helium working fluid; the other with a non-zero initial
concentration, simulating the scenario where CO2 has already diffused uniformly throughout the system
after prolonged operation, followed by its subsequent diffusion from the back-pressure cavity and phase
adjuster into the pipeline as the concentration decreases in the condensing section. The detailed simulation
cases are summarized in Table 3.

Table 3: Simulation schemes

Case number 1 2 3 4 5 6
Concentration (ppm) 2000 2000 2000 1000 500 2000

Temperature of cold end (K) 160 140 120 160 160 160
Initial CO2 distribution (ppm) 0 0 0 0 0 2000

CFD solvers employ the coupled algorithm to handle the interactions between multiple physical fields.
This approach differs from traditional distributed algorithms, as it solves multiple equations simultaneously,
updating both the pressure and velocity fields in a single solution step. This method eliminates the delays
and numerical instability associated with distributed processing. The time step size is set to 0.1 ms, with a
maximum of 40 iteration steps allowed for each time step.
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2.4 Governing Equations
In this study, the Euler–VOF model is employed to simulate the distribution of gas and liquid phases. The

VOF method tracks the volume fraction of each fluid within individual control volumes, enabling accurate
capture of gas–liquid interface dynamics. The phase change process is modeled using the Lee model, in
which mass and energy source terms are introduced to describe the phase transition of the gas. These source
terms dynamically adjust the phase change behavior by regulating the phase change rate and the interactions
between phases.

Since the REG, CHX, FSC, and FSH can all be treated as porous media, the Darcy–Forchheimer model
is adopted to characterize the flow resistance within these regions. To simultaneously simulate the mixing
and diffusion of CO2 in helium, a multi-component species transport equation is employed. This equation
accounts for the mass fraction and diffusion coefficient of each species to model gas transport behavior in
different regions of the system.

The governing equations used in the simulation include the continuity equation, momentum equation,
energy equation, and multi-component species transport equation, as follows:

∂ρ
∂t
+∇ ⋅ (ρu⃗) = Smass (4)

where ρ and u⃗ are the density and velocity of the phase, Smass is the mass source term, which describes the
increase or decrease of the phase during the phase transition process.

∂(ρu⃗)
∂t
+∇ ⋅ (ρu⃗u⃗) = −∇p +∇σ + Fpo + Fpc (5)

where σ is the stress tensor, Fpo is the flow resistance term within the porous media, Fpc is the additional
force induced by phase change.

Fpo = −(
μ
α
+ C2

2
ρ ∣u⃗∣)u⃗ (6)

where μ, α, C2 are the dynamic viscosity of fluid, the permeability of porous medium, the inertial resistance
coefficient, which can be calculated by:

α = dh
2

6
(7)

C2 =
2.91
dh

Reh
−0.103 (8)

Reh =
ρumax dh

μ
(9)

where Reh is the Reynolds number based on the hydraulic diameter, and dh is the hydraulic diameter.

∂(ρE)
∂t
+∇ ⋅ (u⃗ (ρE + p)) = ∇ ⋅ (k∇T) + Sph + Spo (10)

where E is the total energy, k is the thermal conductivity, Sph represents the energy source term due to phase
change heat absorption, and Spo denotes the energy source term due to porous media.
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∂(ρY)
∂t

+∇ ⋅ (ρu⃗Y) = ∇ ⋅ (Γ∇Y) + Smass (11)

where Y is the mass fraction and Γ is the diffusion coefficient.

2.5 Verification of Numerical Model
Fig. 5 compares the cooling capacity results obtained from CFD simulation and existing experimental

measurements under an input power of 500 W at a frequency of 65 Hz. It is observed that the simulation
results effectively reproduce the experimental trend of cooling capacity variation with refrigeration tem-
perature. The deviations observed are primarily due to the ideal gas assumption and irreversible losses.
The resulting maximum relative error is 10.2%. This level of agreement is satisfactory and verifies the
model’s reliability.

Figure 5: Experimental and simulated values of PTC cooling capacity

3 Analysis of Simulation Results

3.1 The Diffusion of CO2 in PTC
To investigate the deposition behavior of contaminants in PTC, it is essential to first develop a thorough

understanding of the diffusion mechanism of CO2. In PTC, the transport of CO2 molecules is primarily
governed by diffusion, which is driven by concentration gradients. The diffusion coefficient of CO2 is
influenced by multiple factors, including temperature, pressure, and the composition of the gas mixture.
Therefore, these variable parameters must be taken into account when simulating the diffusion behavior of
CO2.

In addition to molecular diffusion, convective transport also plays a significant role in CO2 migration,
particularly under the high-frequency oscillations characteristic of PTC operation. These oscillations induce
periodic volumetric flow within the system, superimposing convective effects on the diffusion process and
thereby enhancing the overall transport of contaminants.

Meanwhile, the phase change process can locally alter the concentration of CO2 in the gas phase, thereby
modifying the concentration gradient and indirectly influencing its transport within the system. In summary,
the transport of CO2 in PTC is a complex process governed by the combined effects of molecular diffusion,
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convection, and phase change. The governing convection–diffusion equation for gas species transport is
expressed as follows:

M = −D ∂C
∂x
+ ρuC (12)

where M is the mass flux of CO2, D is the diffusion coefficient, ∂C
∂x denotes the concentration gradient of

CO2, and C is the CO2 concentration. The first term represents the contribution of molecular diffusion to
CO2 transport, while the second term accounts for convective transport driven by fluid motion.

Fig. 6 illustrates the axial temperature distribution of the fluid within the cold finger. As evidenced by the
data, while the fluid temperature in the cold-end heat exchanger remains stable at 160 K, both the regenerator
and pulse tube exhibit distinct linear temperature gradients. The minimum temperature of 143 K occurs near
the cold end of the pulse tube. This good agreement with the prior results of Zheng et al. provides validation
for the present model [32].

Figure 6: Axial temperature profile of the cold finger

Fig. 7 shows the variation process of the diffusion behavior of CO2 in the system over time. At 0.5 s, high
concentration of CO2 is primarily located near the compressor side of the regenerator, as indicated by the
red region. As time progresses, CO2 gradually diffuses from the high-concentration zone toward the pulse
tube region, and the overall concentration gradient becomes more uniform. When CO2 reaches the cold end,
where the local temperature falls below its saturation point, phase change occurs and CO2 deposits onto the
wire screen or heat exchanger surfaces in solid form. This phase transition leads to a sudden local drop in
CO2 concentration, which in turn enhances the local concentration gradient and drives further migration of
surrounding CO2 toward the cold region.

Fig. 8 further analyzes the temporal evolution of the CO2 volume fraction in different regions of the PTC
(REG, CHX, PT). A pronounced spatial non-uniformity in CO2 distribution can be observed throughout the
simulation. Among the three regions, the REG consistently exhibits the highest CO2 enrichment, followed
by the CHX and PT. Notably, during the initial stage (t < 0.5 s), the mole fraction in the REG increases
rapidly, indicating that the majority of the released contaminants initially accumulate within the REG. This
phenomenon is primarily attributed to the REG’s high porosity and relatively large flow resistance, which
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collectively render it a “buffer zone” during contaminant transport. As time progresses, CO2 gradually
diffuses into the CHX and PT regions, but the transport rate remains relatively slow.

Figure 7: CO2 diffusion with time in the cold finger (Simulation Scheme: Case 1)

Figure 8: CO2 concentration changes with time in different regions (Simulation Scheme: Case 1)

Fig. 9 highlights the variation in CO2 concentration within the CHX region under different initial
temperatures and contaminant concentrations. Overall, the diffusion process of CO2 exhibits a “fast-then-
slow” pattern, primarily attributed to the initially large concentration gradients, which provide strong
diffusion driving forces. With the ongoing diffusion process, the system is expected to ultimately reach an
equilibrium concentration. As the system approaches equilibrium, the gradient weakens and the diffusion
rate correspondingly decreases. At a concentration of 2000 ppm, higher initial temperatures result in a faster
cumulative diffusion rate of CO2. Further analysis under various concentration conditions reveals that the
mole fraction of CO2 in the CHX region is significantly higher at elevated concentrations, indicating that the
concentration gradient is a key factor governing the strength of contaminant transport. Notably, the inset
in Fig. 9 displays a periodic oscillation in the CO2 mole fraction, with amplitudes gradually increasing over
successive cycles. This “amplitude-growing” oscillatory behavior results from a progressive increase in the
mass of CO2 being deposited and sublimated in each successive cycle.

3.2 The Deposition of CO2 in PTC
In the present simulation, the system is first evacuated to remove residual gases, thereby ensuring

that the release and diffusion of the contaminant are not influenced by the presence of other gas species.
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After the vacuum environment is established, CO2 is gradually released from the back-pressure chamber
and progressively diffuses into the system. Fig. 10 illustrates the time evolution of CO2 deposition within the
system. After being released from the hot end of the REG, CO2 initially deposits at the cold-end wire mesh
of the REG, where it adheres to the surface of the porous structure in solid form. As time progresses, CO2
continues to diffuse along the concentration gradient and eventually reaches the CHX. Due to the porosity
in this region being only about one-sixth that of the REG, its internal structure exhibits a stronger retention
capacity for contaminants. As a result, CO2 begins to undergo deposition within the narrow slits of the CHX
and gradually accumulates, which is manifested as red regions with high volume fractions.

Figure 9: CO2 concentration in CHX under different working conditions

Figure 10: CO2 deposition with time in the cold finger

Under the combined effects of diffusion and convection, the deposition zone continues to expand,
eventually leading to the deposition of a small amount of dry ice on the laminar flow wire screen at the cold
end of the PT. Overall, the spatial distribution of dry ice exhibits a gradual migration trend, progressing from
the cold end of the REG to the cold heat CHX, and eventually extending into the PT.

Fig. 11 further presents the proportion of CO2 deposition in different regions of the system under
various operating conditions. It is evident that while the distribution of deposition ratios across regions
remains relatively stable under different conditions, the overall deposition efficiency increases under lower
temperature or higher concentration scenarios. Across all cases, the CHX consistently serves as the main
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deposition zone, accounting for more than 90% of the total deposition mass. From a structural design
perspective, the dominant deposition in the CHX is physically attributed to its extremely low porosity (0.12)
and small hydraulic diameter. According to the porous media resistance model (Eqs. (7)–(9)), flow resistance
is inversely proportional to the square of the hydraulic diameter. Consequently, the narrow channels in
the CHX are highly susceptible to clogging by solid dry ice. In contrast, the REG exhibits an appropriate
deposition proportion, primarily localized near its cold end. The PT region shows the lowest deposition share
(below 2%), with solid CO2 mainly adhering to the flow-straightening wire screen.

Figure 11: CO2 deposition in PTC under different working conditions

3.3 Effect of Initial CO2 Concentration Distributions
Since the cryocooler does not operate continuously, the system temperature gradually rises to ambient

conditions once it is shut down. As a result, previous contaminants undergo sublimation and become
uniformly redistributed throughout the system. When the cryocooler is restarted, the initial distribution
of the contaminant gas approximates a uniform state. In this scenario, due to the absence of a significant
concentration gradient, the deposition behavior of the contaminant is primarily governed by the temperature
gradient. This leads to notable differences in both the location and rate of deposition compared to the case
of gradual release from the back-pressure chamber. Therefore, it is necessary to conduct a dedicated analysis
of the uniform initial distribution condition.

Fig. 12 shows the variation law of concentration with time under the uniform distribution of CO2. The
results show that CO2 concentration decreases simultaneously across all regions of the system. In the PT
region, the absence of a wire screen leads to the most rapid decline in concentration, accompanied by the
largest amplitude of fluctuations. In contrast, due to its porous structure, the concentration of REG decreases
at the slowest rate. The rate of CO2 concentration change in the CHX is observed to be intermediate between
that of the PT and the REG. This can be attributed to the CHX’s transitional characteristics: its flow resistance
is higher than the open volume of the PT but lower than the densely packed REG.

Fig. 13 presents the distribution of dry ice accumulation ratios across different regions under two
distinct initial CO2 concentration conditions. It can be observed that, regardless of whether the initial CO2
concentration is uniformly distributed or gradually released from the back-pressure chamber, deposition
predominantly occurs in the CHX, accounting for 94% and 93% of the total deposition mass, respectively.
However, significant differences are observed in the deposition behavior within the PT region. In the case of
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uniform initial concentration, approximately 76% of the dry ice in the PT region is deposited on the inner
wall of the PT. In contrast, under the gradual release condition, around 76% of the dry ice accumulates on
the flow-straightening wire screen. This discrepancy arises mainly from the different initial contact regions
of CO2. For the gradual release case, CO2 first encounters the wire screen, which leads to a reduction in flow
velocity and hinders downstream transport into the PT, resulting in only minor deposition on the PT inner
wall. Conversely, in the uniform distribution case, CO2 is already present throughout the PT, and deposition
occurs directly on the low-temperature wall surfaces, significantly increasing the accumulation of dry ice on
the PT inner wall.

Figure 12: CO2 concentration changes under the condition of uniform distribution

Figure 13: Dry ice distribution under two initial conditions

3.4 Pressure Drop and Cooling Capacity
In PTC, the deposition of CO2 changes the channel characteristics of each regional structure, which

leads to the rise of pressure drop and the decrease in the amplitude of pressure waves, ultimately reducing
the cooling capacity. Therefore, it is necessary to systematically analyze the change rule of pressure drop
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and amplitude of the pressure wave under different working conditions. To eliminate transient interference
during system initialization, this study establishes the flow time t is equal to 2 s as the reference analysis
point, where fully developed periodic stability is achieved in pressure oscillations. As shown in Fig. 14, with
increasing CO2 contamination levels, a progressive attenuation of the pressure wave amplitude was observed.
Quantitative analysis revealed amplitude reductions of 4%, 7%, and 12% corresponding to contamination
levels of 500, 1000, and 2000 ppm, respectively. Fig. 15 shows the pressure drop changes and cooling capacity
in each part of the system (REG, CHX, PT) under different concentrations. Working conditions have a
pronounced impact on the system’s pressure drop. As the CO2 concentration increases from 500 to 2000 ppm,
there is a significant trend of pressure drop in the REG and CHX regions, increasing by 10.3%, indicating that
contaminant deposition significantly impedes the flow of the working gas. As a result, due to the reduction in
the amplitude of the pressure wave and the rise in pressure drop, the cooling capacity of the system eventually
decreases. The refrigeration capacity decreased from 148.2 W to a minimum of 133.2 W, representing an 10.1%
reduction in cooling performance.

Figure 14: Amplitude of the pressure wave under different conditions

Figure 15: Pressure drop and cooling capacity under different CO2 concentrations at the temperature of 160 K

The REG consistently exhibits the highest pressure drop among all regions, which can be attributed
to the following three factors. First, although the REG has a higher porosity compared to the CHX, it is
significantly longer in length, resulting in greater overall flow resistance. Second, the temperature within the
REG varies approximately linearly along the axial direction, leading to substantial changes in gas viscosity
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between the hot and cold ends, thereby further increasing flow resistance. Third, during the initial stages,
CO2 is primarily concentrated in the REG. Its deposition within the porous structure reduces the effective
flow area and lowers the equivalent porosity, causing a sharp rise in pressure drop. The CHX exhibits
an appropriate pressure drop. Although it has a lower porosity than the REG, its flow passages are more
unobstructed, which helps reduce flow resistance. The PT region experiences the lowest pressure drop,
primarily due to the presence of a flow-straightening wire screen that effectively suppresses vortex formation
and promotes laminar flow development.

4 Conclusions
In this study, a two-dimensional numerical simulation was conducted to systematically analyze the

diffusion and deposition behaviors of CO2 in an in-line PTC. The effects of different initial concentration
distributions and operating conditions on regional deposition characteristics and system pressure drop were
investigated. The main conclusions are as follows:

1. The diffusion of CO2 within the PTC is primarily driven by concentration gradients, with transport
efficiency significantly enhanced by high-frequency oscillatory flow. The spatial distribution of CO2 deposi-
tion is highly non-uniform. Crucially, the CHX consistently exhibits the highest deposition ratio, accounting
for over 93% of the total dry ice mass (93.7% under gradual release and 93.2% under uniform distribution).
This quantitative finding confirms that low-porosity structures play a decisive role in the accumulation
of contaminants.

2. A comparative analysis between two initial CO2 concentration conditions reveals that regardless of
the initial state, the CHX remains the primary deposition zone. However, the initial distribution significantly
alters the deposition behavior in PT. Under uniform distribution, CO2 tends to deposit on the cold-end inner
wall of the PT (76% of PT deposition). In contrast, in the gradual release scenario, deposition preferentially
occurs on the FSC (76% of PT deposition), as the screen intercepts the contaminant before it enters the tube.

3. CO2 deposition exerts a pronounced negative impact on the system’s thermodynamics. Under the
condition of 2000 ppm contamination, the pressure drop across the REG and CHX increases by 10.3%,
while the pressure wave amplitude decreases by 12%. Consequently, the cooling capacity degrades from
148.2 to 133.2 W, representing a 10.1% reduction in system performance. The REG exhibits the highest
absolute pressure drop due to its extended length and complex matrix, which is further exacerbated by
contaminant accumulation.
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Nomenclature
C Concentration
C2 Inertial resistance coefficient
cp Specific heat at constant pressure (J/(kg⋅K))
D Diffusion coefficient (m2/s)
dh Hydraulic diameter (m)
E Total energy (J/kg)
f Frequency (Hz)
Fpc Additional force induced by phase change (N/m3)
Fpo Flow resistance term within the porous media (N/m3)
h Specific enthalpy (J/kg)
k Thermal conductivity (W/(m⋅K))
M Mass flux (kg/(m2⋅s))
ṁ Mass flow rate (kg/s)
p Instantaneous pressure (Pa)
pa Pressure amplitude (Pa)
po Charge pressure (Pa)
pout Output pressure (Pa)
Qc Cooling capacity (W)
Rg Gas constant (J/(kg⋅K))
Reh Reynolds number (porous media)
Smass Mass source term (kg/(m3⋅s))
Sph Phase change source term (J/(m3⋅s))
Spo Porous media source term (J/(m3⋅s))
T Temperature (K)
t Time (s)
U̇ Volume flow rate (m3/s)
umax Maximum velocity (m/s)
u⃗ Velocity vector (m/s)
va Velocity amplitude (m/s)
vin Input velocity (m/s)
Y Mass fraction

Greek Symbols
α Permeability (m2)
Γ Diffusion coefficient (m2/s)
τ Period (s)
μ Dynamic viscosity (Pa⋅s)
ρ Density (kg/m3)
σ Stress tensor (Pa)
θ Phase angle (rad)

Abbreviations
AC Aftercooler
CHX Cold-end heat exchanger
FS Flow straightening mesh screen
FSC Cold-end flow straightening mesh screen
FSH Hot-end flow straightening mesh screen
HHX Hot-end heat exchanger
PT Pulse tube
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PTC Pulse tube cryocooler
REG Regenerator
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