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ARTICLE INFO ABSTRACT
Keywords: The reactor cavity cooling system (RCCS) plays a crucial role in ensuring the safety of the high-temperature gas-
Microencapsulated phase-change material cooled reactor (HTGR). However, the existing designs struggle to meet the heat dissipation demands of higher-

Thermal radiation
Mie scatter

Heat convection
Phase change

power HTGR. Microencapsulated phase-change material (MPCM) slurry offers significant advantages, including
high heat capacity and excellent stability. Hence, this study proposes its potential to optimize the cooling efficacy
of the RCCS. To achieve this, a comprehensive understanding of the coupled heat transfer mechanisms of MPCM
is essential. In this study, a computational program is developed to simulate these coupled heat transfer pro-
cesses. The reliability of this program is validated by comparing its results with the computational results of
commercial software. Additionally, the program enables accurate transient heat transfer calculations for MPCM.
Based on the program, the effects of light intensity, core-shell ratio, and MPCM diameter on the heat transfer
process and phase-change process are systematically analyzed. A key insight of this study is the identification of
two distinct diameter classifications for MPCM: the critical diameter and the most effective diameter. These
classifications emerged from observed patterns in how MPCM diameter influences heat transfer performance.
Based on these findings, empirical correlation formulas relating the two diameters and light intensity are
developed. These discoveries may provide valuable guidance for selecting the optimal particle size for the
application of MPCM in RCCS and other MPCM-integrated system.

Subsequently, the inner wall transfers the heat to the cooling medium
via convective heat transfer, and the cooling medium ultimately
removes the heat through fluid flow. However, this multistep heat
transfer process introduces inefficiencies, complicating the effective
transfer of heat to the cooling medium. Furthermore, the use of the
limited natural circulation capacity of the water or limited specific heat
capacity of the air as the cooling medium, poses challenges for rapid
heat removal from the reactor compartment. To address the cooling
requirements of HTGR with higher power output [4], further optimi-
zation of the RCCS’s cooling efficiency is essential.

Heat transfer can be improved through two major approaches:
optimizing the heat transfer structure [5] and enhancing the thermal
properties of the working medium [6]. Enhancing the working medium
can enable efficient heat dissipation, reduction in energy consumption,
and improvement in the overall performance of thermal systems [7].
Microencapsulated phase-change material (MPCM) slurry offers signif-
icant advantages, including high energy storage density and efficient

1. Introduction

The reactor cavity cooling cystem (RCCS) is a critical safety
component in high-temperature gas-cooled reactor (HTGR) [1]. Its pri-
mary function is to passively remove heat from the reactor compartment
under all operating conditions, including normal operation, where it
cools and protects the reactor structure, and accident scenarios, where it
transfers decay heat to the ultimate heat sink [2]. Among the various
RCCSs, the most critical component is the structure responsible for
radiative-convective coupled heat transfer with the reactor cavity. Fig. 1
illustrates the radiative-convective heat transfer design configurations
employed in three HTGR types: the HTR-PM, HTTR, and HTGR-350 [3].

In these reactors, excess heat from the reactor must first be trans-
ferred to the RCCS via radiative heat transfer from the reactor cavity
wall and convective heat transfer through air. The heat is then con-
ducted from the outer wall (tube or pool) to the inner wall (tube or pool).
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Nomenclature Pe Peclet number
Pr Prandtl number
P Average density of the MPCM [kg-m’s] Quabs Absorption efficiency
[ Average heat capacity of MPCM [Jkg *-K™'] Qe Extinction efficiency
T Time [s] Qs Scattering efficiency
V3 Size parameter R Radius of the MPCM [m]
i Wavelength [m] Re Reynolds number
G Projection area of the MPCM [m-s2] T Temperature [K]
h Convective heat transfer coefficient [W-K~'-m 2] Ty, Temperature of the base fluid [K]
I Light intensity [W-m 2] Tm Melt point of the phase change material [K]
k Thermal conductivity [W-m LK 1] Ve Core volume of the MPCM [m?]
Nu Nusselt number

thermal regulation. Moreover, they can maintain almost constant tem-
peratures during phase transitions [8], rendering them ideal for appli-
cations in thermal energy storage, heating, ventilation and air
conditioning systems [9].

MPCM is an advanced structure designed to store and release thermal
energy during phase transitions. It comprises a core material, which is a
phase-change material (PCM), encapsulated within a protective shell.
The shell is typically made of polymers or other materials that prevent
leakage, improve stability, and enhance the management of the PCM
[7]. Numerous studies have investigated the flow and heat transfer
characteristics of MPCM slurry. Zeng [8] investigated the convective
heat transfer characteristics of an MPCM slurry flowing in a circular
tube. Experimental and numerical results showed that the average
Nusselt number was mainly influenced by the Ste number. Sabbah et al.
[10] showed that the local heat transfer coefficient of MPCM slurry is
highly dependent on the location of the phase-change interface. Lenert
et al. [11] showed that the local maximum Nusselt number increases
with higher MPCM mass fractions and greater latent heat but decreases
with a wider melting range and higher heat flux. To address the issue of
insufficient accuracy resulting from the empirical modification in pre-
vious studies, Lin et al. [12] developed a new multiscale model to
simulate the flow and heat transfer of MPCM slurry within a circular
tube. In this model, the liquid volume fraction of the PCM was calcu-
lated, and the numerical results were consistent with experimental data.
Zhao et al. [13] used two-phase Eulerian and multiscale coupling models
to simulate the heat transfer process of MPCM slurry in a space radiator.
They found that the heat dissipation capacity of a sample with the
MPCM could be increased by 5 % compared with that of a sample with
pure water.

Hence, this paper proposes a novel RCCS design to overcome the
aforementioned limitations by using MPCM. Unlike the HTR-PM, the
new design replaces the water tube wall adjacent to the pressure vessel
with glass exhibiting high thermal radiation transparency and

substitutes the cooling medium with MPCM slurry. In this configuration,
excess reactor heat is primarily transferred via thermal radiation, pen-
etrates the glass tube wall, and is directly absorbed by the MPCM slurry.
This modification significantly simplifies the heat transfer process by
eliminating intermediate steps. Furthermore, the integration of MPCM
enhances the cooling medium’s heat-carrying capacity, improving
overall thermal management.

However, the heat transfer mechanism of MPCM has become notably
complex, encompassing thermal radiation, convection, and phase
change, as shown in Fig. 2. These three heat transfer processes are
intricately coupled. Thermal radiation serves as the primary heat source
and is converted into thermal energy via photothermal conversion. The
conversion efficiency is influence by the temperature-dependent optical
properties of the material, particle size, and phase-change process. The
phase-change process is influenced by thermal radiation and convective
heat transfer. Convection is influence by the temperature-dependent
thermal properties and particle size of the material.

Previous studies have investigated the overall heat transfer perfor-
mance of MPCM slurry in applications such as solar water heaters [14],
photovoltaic panels [15], and direct-absorption solar collectors [16],
which share a similar heat transfer environment with the newly pro-
posed RCCS design. Ma et al. [16] used MPCM slurry in a direct-
absorption solar collector to enhance the efficiency of the solar collec-
tor. Numerical results showed that the incorporation of the microcap-
sules increased the amount of heat absorbed, reduced the surface
temperature, and ultimately improved the overall system efficiency.
However, the simulation assumed constant optical properties for the
MPCM and did not consider the phase-change process of the internal
core material. Ran et al. [17] developed a model of a flat-plate solar
collector incorporating MPCM slurry. Simulation results showed that the
thermal efficiency of the solar collector model increased with higher
mass fractions and greater latent heat of the MPCM slurry but decreased
with increasing solar radiation intensity. In the simulation, the phase-
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Fig. 1. RCCS of the HTR-PM, HTTR, and HTGR-350.
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Fig. 2. Heat transfer mechanism of MPCM.

change process was simplified to a change in heat capacity, while other
thermophysical parameters remained constant. Kharazmi et al. [18]
investigated the thermal performance of direct absorption solar-
evacuated tube collectors using various working fluids, including CuO,
CuO/Al,03 binary, and CuO nanofluids combined with MPCMs. Results
showed that combining MPCMs with a CuO nanofluid enhanced col-
lector efficiency by 4.53 % and reduced heat loss by 5.84 %. To further
improve photothermal conversion efficiency, Wang et al. [19] investi-
gated the impact of MPCM and multiwalled carbon nanotubes dispersed
in water and ethanol as base fluids on the performance of direct ab-
sorption solar collectors. Although the reflectance of water, ethanol, and
carbon nanotubes remained very low, the transmittance significantly
increased with the incorporation of MPCM. Huang et al. [20] proposed a
novel design for MPCM incorporated with black phosphorus sheets.
Experimental results show that the solar energy storage efficiency of the
novel design was three times that of the original design without the
sheets.

Several studies have investigated direct solar absorption devices
using MPCM. Nevertheless, only a few have analyzed the coupling
characteristics of the photothermal, convection, and phase changes of
MPCM. Consequently, the selection of several key MPCM parameters
may lack the necessary theoretical support. Without further investiga-
tion of the coupling heat transfer mechanisms within the MPCM, opti-
mizing the heat transfer efficacy of RCCS and other MPCM-integrated
system may be challenging.

This study developed a computational program to simulate coupled
heat transfer processes involving thermal radiation, convection, and
phase changes in an MPCM. The effects of light intensity, core-shell
ratio, and MPCM diameter on the heat transfer and phase-change pro-
cesses were systematically analyzed.

2. Model and verification
2.1. Theory model

The heat transfer process involves three major source terms: thermal
radiation, latent heat of the phase change core material and heat con-
vection with the surrounding medium, according to Fig. 2. Based on the
energy conservation equation [21], the phase-change process of the
MPCM can be expressed as

T
p’c,,d—:Q,JrQh T<Ty
dr
dT (€8]
pcpd =Q+Q+QT>Ty

where p is the average density of the MPCM, and ¢, is the average spe-
cific heat. T and 7 represent the temperature and time, respectively. Tp, is

the melting point of the PCM. The heat and cold sources are divided into
three parts depending on the heat transfer process, as shown in Fig. 2.
The first part Q, is the heat absorbed by the MPCM from the infrared
radiation, and it can be expressed as

Q- = IGQuqps (2
where I is the light intensity, and G is the projected area of the MPCM in

the direction of the incident infrared radiation. Qg is the absorption
efficiency, which can be expressed as [22]:

Qs = Q. — Qs, 3
== i: 2n + 1)Re{a, + b,},
)(2 n=1
@
2.

Q=25 (n+ 1)[|an\2 + |b,1|2]

X2 7

here, Q. and Q; are the extinction and scattering efficiencies, respec-
tively. y; and y, are the size parameters of the core and shell of the
MPCM, respectively, expressed as

2ITR1
_ e 5
X i 5)
27R
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here, R; and R, are the radii of the MPCM core and shell of the MPCM,
respectively, and 1 is the infrared wavelength. Here, a, and b, are
expressed as follows [23]:
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where ¢,, Xn, and &, are the Ricatti-Bessel functions associated with the
Spherical Bessel function of the first kind j,, the Spherical Bessel function of
the second kind y,, and the Hankel function nY, respectively. The pa-
rameters my, m;, and my are the complex refractive indices of the host
fluid [24], core, and shell, respectively. Dy, is the logarithmic derivative
of ¢,.
D, =" (13)
Pn

The second part of the left-hand side of the energy conservation
equation is Qp, which is the heat exchanged between the MPCM and
external fluid.

Qi =h(T—T,)S (14)

here, T; is the temperature of the host fluid, and S is the surface area of
the MPCM, given as 4zR3. The h is the convective heat transfer coeffi-
cient derived from Nu.

o 2hR2
= k2

Nu (15)

where k; is the thermal conductivity of the shell.

Here in, the Nusselt number of the sphere in water flow was calcu-
lated via ANSYS Fluent. The k-¢ turbulence model and the SIMPLE
method is adopted. The convergence criteria set at residuals below 1e-5
for all equations except the energy conservation (less than 1e-8). Grid
independence was validated as shown in Fig. 3, confirming Nu de-
viations below 3.7 % between models with 200,000 and 3,850,000
grids. Hence, 200,000 grids were selected for the simulation.

As shown in Fig. 4, the results of the original empirical relationship
(green line) are not consistent with that of the Fluent simulation at the
micrometer scale. More importantly, the difference between the two
results increases significantly with an increase in Re. Thus, a new
correction needs to be proposed. Zhang et al. [25] used the formulation
of this structure in their fitting of Sh:
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Fig. 3. Grid sensitivity validation of Fluent simulation.
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Fig. 4. Comparison of the Fluent simulation results and empirical calcula-
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(Sh—2)" _ (0.5Pe + 0.3026P&2)" ' (1.008P¢/3)"

(16)

The formula fits the experimental data well when n = 3. Finlayson
et al. [26] were inspired to propose the formula in their fit to Nu:

1 1 1

(Nu—2)"  (Pe/2)" " (cPel/*Rem)" a7

where Re is added to the denominator of the second term on the right
side of the equation to enhance the effect of Re on Nu, the equation fits
better at Re < 1 whenn =1, ¢ = 0.9 and m = 0.11. However, significant
deviations from calculated values arise at Re > 10. To further enhance
the positive effect of Re on Nu in the above framework, a separate term
relating only to Re is added to the right-hand side of the formula and the
term is negative. The resulting equation is as follows:

Lo (2 (Y (L) as)
(Nu—2)"" \Pe c1Pel/3Re™ coRe*

The third part is Q;, which is the heat absorbed by the phase tran-
sition [27].

[

kl(Tme)Vc 3(1 7f1)
Rive hy/(hRy) —1)(1 - )3 +1

Q.= 19

where k; and p; are the thermal conductivity and density of the liquid-
phase material, respectively, f; is the liquid volume of the core, and V.
is the core volume of the MPCM.

2.2. Program verification

A transient calculation program for the radiative heat transfer of a
single MPCM was developed using Python [28]. The accuracy of the
program was verified by comparison with the simulation results of a
COMSOL Ray Optic Module. The light-intensity distribution of diffrac-
tion is as follows [29]:

I(P)

2.4 : 2
A {2J1 (krsm())} 20)

"2 | krsing

where P refers to a point in the focal plane; Iy and A are the intensity and
wavelength of the incident planar light, respectively; f is the focal
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length; r is the radius of the MPCM; and k is the wave number.

Fig. 5 shows the light intensity distribution of diffraction for 1 = 0.8
pm and Ry = 25 pm, indicating that a considerable amount of the dif-
fracted light is in the same direction as the incident light. Therefore,
diffraction is not considered under this condition [30].

Table 1 presents the parameters of grid sensitivity verification,
including geometric and ray grids. The temperature-dependent complex
refractive indices of the shell (TiO2) [31] and core materials (paraffin)
[32] were set. As shown in Fig. 6, results reveal that the deviation be-
tween the final steady-state average temperature of models with more
than 100,000 geometric and 40,000 ray grids is less than 0.1 %. Hence,
200,000 geometric and 62,500 ray grids were sufficient to guarantee
accuracy and were selected for the simulation.

Fig. 7 shows the final steady-state average temperature of the
COMSOL simulation and Python calculation. The calculated results are
consistent with the simulation results. Although the calculated results
are slightly higher than the simulation results, the maximum deviation is
less than 0.8 %.

3. Results and discussion

Based on the MPCM phase-change-process calculation program, the
fundamental characteristics of the heat transfer environment and MPCM
can be further analyzed. This section evaluates the influence of thermal
radiation intensity, MPCM core-shell ratio, and particle diameter on
heat transfer performance. Except these three parameters discussed in
the subsections, the setting of the remaining key parameters is based on
Table 1. Additionally, the relationship between the phase-change pro-
cess and MPCM diameter is elucidated, revealing two critical diameters
that significantly affect the phase-change process. Furthermore, the
dependence of these critical diameters on thermal radiation intensity is
established.

3.1. Effect of light absorption on phase-change process

As can be seen from the Fig. 8 and Fig. 9, the difference between the
temperature rise curve and the phase change curve is extremely small at
constant optical parameters and temperature dependent optical pa-
rameters. This is due to the fact that the optical absorption coefficient
Qaps of the MPCM grows from 0.80924 to 0.81168 only by 0.302 % in the
temperature range shown in the figure. Therefore, although the
component materials of the MPCM have a change in the complex
refractive index due to temperature and phase change, this change is
negligible for the heat transfer and phase change process of this type of

600
= 400
&
—
200
0 1 I L} 1 1
-90° -60° -30° 0° 30° 60° 90°
0

Fig. 5. Light intensity distribution of diffraction.
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Table 1

Parameters of the grid sensitivity verification.
Parameter Value
Diameter (um) 50
Core-shell ratio 0.5
Wavelength (pm) 0.8
Light intensity (W/m?) 4 x 108
Phase change temperature (K) 313.15
Liquid temperature (K) 300

MPCM under the normal conditions of application.

Fig. 10 shows a comparison of the variations in temperature vs. time
under different light intensities. The final steady-state temperature in-
creases gradually with increasing light intensity. The time required to
reach the final steady state decreases with increasing light intensity,
except for an intensity of 1 x 10% W/m?2. The reason for the exception is
illustrated in Fig. 11, indicating that phase-change do not occur at this
light intensity. As shown in Fig. 11, the main cause of the reduction in
time is the acceleration of the phase change with increasing light in-
tensity. If Q, and Q; are considered as terms that do not vary with
temperature, combined with the boundary condition T(0) = Ty, solving
Eq. (1) can be obtained:

T() =T, + £ (1 - e %) T<T,
hs @1
T =T, +3 La . e)T>T,
where 7, is:
5V
=" (22)

When the light intensity is 1 x 10° W/m?2, making Q, too small,
hence:
T(00) =T;, +% < Thp (23)

Eventually, the phase change cannot occur. When the light intensity
is 3 x 10° W/rnz, the absolute value of Q; and Q;, (Q; is negative) in the
phase change stage is close to each other, resulting in the decrease of the
slope of the temperature rise curve. When the light intensity is stronger,
the phase change stage Q; is obviously larger than Q, and the phase
change has a limited effect on the coefficient of the exponent in the
above equation, which makes the temperature basically grow according
to the exponential law in the above equation with time.

3.2. Effect of core-shell ratio on phase-change process

Fig. 12 and Fig. 13 illustrate the effect of core-shell ratio on the
variations in temperature and phase change, respectively. As shown in
Fig. 12, the final steady-state temperature is almost unaffected by the
core-shell ratio. The temperature slightly decreases only when the
core-shell ratio reaches 0.9. This result indicates that coating the surface
of the MPCM can substantially affect its photothermal conversion
properties, even when the coating is extremely thin. In particular, when
the core-shell ratio is 0, the system represents a particle composed solely
of the MPCM shell material. For core-shell ratios below 0.3, the tem-
perature rise profile of the MPCM closely mirrors that of particles con-
taining no phase-change material. This suggests that the phase change of
the core material has negligible impact on the MPCM’s thermal behavior
when the core volume is small. As the core-shell ratio increases, two key
trends emerge: (1) the slope of the temperature rise curves decreases
during the MPCM phase change stage, and (2) the time required for the
MPCM to reach thermal equilibrium increases progressively. These ob-
servations further indicate that, for a fixed MPCM size, the core volume
has minimal influence on the material’s light absorption capacity.
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Fig. 13 shows that the phase-change time increases exponentially as the
core-shell ratio increases.

3.3. Effect of MPCM diameter on phase-change process

Fig. 14 and Fig. 15 show the results of temperature variation and
phase-change, combining data for MPCM diameters ranging from 10 to

1.0 g o= Bmmo wm Be— =B
/7
g0} V4
g 4
— 4
=06 /
g —m —T-dependent
304 ./ = @ = const
> i -
= ,/
Z /
—02 | n
/
0.0 | l—-/
| | 1 1 | 1 1

0.0000  0.0005  0.0010  0.0015  0.0020  0.0025  0.0030
Time /s

Fig. 9. Effect of optical parameter on phase change.

90 pm. In this case, the light intensity is set to 4 x 106 W/m?, and the
core-shell ratio is 0.5.

As shown in Fig. 14, the final steady-state temperature rises as the
diameter increases. This discrepancy can be attributed to the reduction
in the Nusselt number. Based on the revised empirical relation, the
Nusselt number of MPCM is inversely proportional to the particle size.

Therefore, phase-change does not occur when the diameter is 10 pm,
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as shown in Fig. 15. Fig. 16 shows the same type of data as those in Fig, 6

but for
result is

a diameter range of 15 to 35 pm. Herein, the most noticeable
that the phase-change time is significantly longer for an MPCM
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with a 20-pm diameter than for MPCMs with different diameters.
Furthermore, Fig. 17 shows the phase-change times of MPCMs of
various diameters. The asymptotic line, which is the dividing line
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indicating the occurrence of a phase-change, is noticeable in the figure.
The x-coordinate of this line depends on the final steady-state temper-
ature, which is equal to the phase-change temperature. From eq. (1), the
relational equation can be expressed as

w = h(rxvpvu) X (Tm - TL) 24)

where m is the combination of mg, m., and my; 7 is the combination of r;
and r¢; p represents the properties of the base fluid. Considering the
oscillation of Qg with 7.

The critical diameter (d,,) calculation program was developed using
dichotomy. As shown in Fig. 17, the result in this condition is 18.56 pm.
Another critical observation in Fig. 17 is the minimum phase-change
time, appearing in the range of 30 to 35 pm. For convenience, the
diameter corresponding to the minimum phase-change time is denoted
as the most effective diameter (d,). The parameter d, may be influenced
by the following: 1) the convective heat transfer coefficient (h), which
decreases exponentially as d increases; 2) the volume of the phase-
change material, which is proportional to the cube of d; consequently,
the amount of heat required for a complete phase change increases with
d; and 3) Qgps, which increases with d, but its rate of change is signifi-
cantly smaller than those of the other two factors. In conclusion, when
d approaches the critical value (d.), h increases significantly and
consequently, the net heat flow into the MPCM reduces considerably,
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resulting in a substantially longer phase-change time. As d, increases to
d,, the net heat flow sharply increases following a decrease in h. Hence,
the phase-change time is reduced to a minimum. As d increases
continuously, the effect of h on the phase change is no longer dominant.
Rather, the increase in the volume of the phase-change material results
in a steady-state increase in time. This finding may offer a new expla-
nation for the observed phenomenon in Fig. 18 of Ref. [10], where the
heat capacity of MPCM slurry shows negligible improvement when the
particle size is reduced below 50 pm.

A further analysis of d. and d, is illustrated in Fig. 18, indicating that
dr. and d, decrease as the light intensity increases. In addition, the
decrease in d,. and d, becomes increasingly smaller with an increase in
light intensity. In particular, as the light intensity increases, the phase
change time and radius change trend become increasingly closer.

Fig. 19 and Fig. 20 show the variations in d., and d, with light in-
tensity, respectively. The calculation results of the program are indi-
cated by blue dots. The fitting functions are represented by orange
curves. The correlation formula are as follow:

d, = 7.290 x 108115

d, =1.118 x 10°17 114 25

The R? values of the two formulas are 0.99846 and 0.99752,
respectively. The expressions of the fitting functions indicate that d., and
d, are inversely proportional to I. This relation can be attributed to the
empirical correlation of h. In Fig. 20, the light-blue zone indicates the
variable range of d,, within which the difference in the phase-change
time is less than 0.0001. The discrepancy in the zone size can prob-
ably be attributed to the oscillation of Qg with d. Therefore, further
refinement of the algorithm is necessary to eliminate the effects of
oscillation and accurately determine d,. It is important to note that the
heat transfer environment in practical applications is significantly more
complex than the conditions assumed in the calculations. For instance,
light intensity varies over time, and the temperature of the host medium
changes noticeably as the volume fraction of the MPCM increases.
Consequently, applying the above model to the study of MPCM flow and
heat transfer remains a considerable challenge. Additionally, the find-
ings require more detailed discussion and validation in real-world
scenarios.

4. Conclusion

This study investigates the coupled heat transfer mechanism of the
MPCM in a environment involving both convection and thermal radia-
tion. A computational program was developed to analyze the heat
transfer characteristics of the MPCM, providing an effective tool for
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Fig. 18. Phase change time of MPCM under different light intensities.
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detailed investigation and optimization. The effects of light intensity,
core-shell ratio, and MPCM diameter on heat transfer and phase change
processes were systematically analyzed. The analysis would offer valu-
able guidance for selecting an appropriate particle size range in practical
applications. The main conclusions are obtained as follows:

1. A computational program was developed to simulate the transient
coupled heat transfer of MPCM. The reliability of the program was
validated by comparing its results with simulation results obtained
using the commercial multiphysics simulation software. The
maximum deviation between them is less than 0.8 %.

2. As the light intensity increased, the final steady-state temperature of
the MPCM increased steadily, whereas the phase-change time
decreased sharply. The final steady-state temperature remained un-
affected by variations in the core-shell ratio. However, the phase-
change time increased exponentially with an increase in the core—-
shell ratio.

3. The critical diameter d., and most effective diameter d, were pro-
posed. The critical diameter determines whether a phase change in
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the MPCM occurs, and the most effective diameter has the shortest
phase-change time.

4. The variations in the d. and the d, with light intensity were analyzed
and summarized. Computational programs were developed to
calculate these diameters, and two empirical correlation formulas
were proposed. These formulas demonstrated strong agreement with
the calculated results, validating their accuracy and applicability.
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