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Abstract

Supercritical carbon dioxide (scCO.) is an environmentally friendly coolant in machining, addressing concerns associated
with traditional metalworking fluids. In medical component manufacturing, selecting an appropriate coolant is crucial for
ensuring contamination-free parts, which scCO: achieves by leaving no residue upon sublimation. Computational Fluid
Dynamics (CFD) simulations offer valuable insights into the hydraulic efficiency of coolant delivery systems, essential
for optimizing nozzle design and cooling effectiveness in internal cooling milling tools. This study investigates scCO:
discharge and dispersion through internal milling tool nozzles in cryogenic machining, emphasizing CO- solidification and
phase transitions from supercritical to solid CO- and gas phases. Utilizing ANSYS CFX software and extended real gas
property (RGP) tables, the research examines scCO: behavior under various operational conditions. The extension of RGP
tables accommodates phase transitions during cooling, addressing challenges in determining CO: properties in supercriti-
cal and sub-triple-point states, where solid CO: forms under atmospheric pressure. Experimental validation shows good
agreement between simulated and observed mass flow rates and flow characteristics, with relative percentage errors of
7.7% for mass flow rate and 0.7% for minimum temperature upon expansion. Additionally, the simulation predicted a
solid CO: mass fraction of up to 0.28 in the expansion zone, confirming the model’s ability to capture complex phase
transitions. These simulations provide accurate and computationally efficient insights for tool design and optimization,
overcoming challenges in determining CO: properties under extreme conditions.

Keywords Supercritical CO: - Cryogenic machining - Milling - Real gas property tables - ANSYS CFX - Phase change
modeling

1 Introduction

In machining applications, effective cooling is essential to
preserve the integrity of workpiece materials and cutting
tools, especially under substantial thermal loads from fric-
tion as well as heat transferred from the spindle, which can
lead to tool center point (TCP) displacement and impact
machining precision. Traditional metalworking fluids are
often employed to improve machining quality and pro-
long tool life. However, they cause many environmental
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and health problems like water and soil pollution, skin and
respiratory diseases of the operator [1]. Moreover, their
implementation involves significant costs associated with
the need for extra floor space and the installation of sup-
plementary systems including pumping, storage, filtration,
recycling, and other operational complexities. Notably, in
certain applications such as the medical industry, the use
of conventional metalworking fluids, in the machining of
plastic materials, is restricted due to concerns about clean-
ing issues and surface contamination. These challenges
highlight the importance of seeking more efficient and envi-
ronmentally friendly alternatives. Internally cooled cutting
tools have also been investigated as an alternative approach
to control cutting temperatures without conventional cool-
ant application, enabling contamination-free machining in
sensitive applications such as optics and biomedical com-
ponents [2].
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In contrast, supercritical carbon dioxide (scCO-) emerges
as a sustainable alternative as it is non-toxic and non-flam-
mable. Beyond its critical point (74 bar and 31 °C), scCOs,
with a gas-like appearance and liquid density, serves as an
effective cooling and lubrication agent. The cooling action is
through the Joule-Thomson effect. When scCO: is released
through the nozzle of a tool the rapid drop in pressure leads
to generation of a finely dispersed and homogeneous spray
of dry ice onto the cutting zone. The sublimation of dry ice
particles during this process enhances cooling efficiency by
absorbing heat from the cutting zone and leaves no residue
on the machined part. This effectively cools both the work-
piece and cutting tools, especially in the machining of dif-
ficult-to-cut materials such as cobalt-chrome, Nickel-based
alloys and titanium alloys (which are utilized in the medical
industry), where high temperature induced by machining
leads to diffusion and adhesion wear and, consequently, lim-
itations in tool life [1, 3—5]. Additionally, the burr formation
and thermal damages can be suppressed utilizing cryogenic
machining when working with polymers without employ-
ing conventional coolant lubricants. Furthermore, super-
critical CO: is generally easier to handle and implement in

Table 1 Nomenclature and definitions of symbols used in the study

Symbol/Abbreviation Description Unit

5cCO: Supercritical Carbon Dioxide — —

CFD Computational Fluid Dynamics —

RGP Real Gas Property -

HEM Homogeneous Equilibrium -
Model

SST Shear Stress Transport (Turbu- —
lence Model)

NIST National Institute for Standards —
and Technology

REFPROP Reference Fluid Thermody- -
namic and Transport Properties
Database

Cp Specific heat capacity at con-  J/kg.K
stant pressure

Cv Specific heat capacity at con-  J/kg.K
stant volume

h Enthalpy J/kg

s Entropy J/kg.K

p Density Kg/m?

c Speed of sound m/s

p Pressure Pa

T Temperature K

y" Non-dimensional wall distance —
in turbulence modeling

X Mass fraction of vapor phase ~ —

AHg, Latent heat of sublimation kl/kg

Subscript ‘v’
Subscript ‘I’
Subscript s’
Subscript ‘sat’
Subscript ‘mix’

Refers to vapor phase

Refers to liquid phase

Refers to solid phase

Refers to saturation condition
Refers to two phase mixtures
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machining processes compared to cryogenic fluids such as
LN2 and sub-zero metalworking fluids, which require spe-
cialized equipment and precautions due to their extremely
low temperatures [1, 6—8]. The symbols and abbreviations
used throughout this study are summarized in Table 1.

Undoubtedly, cryogenic cooling holds significant prom-
ise in machining applications, highlighting the critical
importance of optimizing the cooling system design and
predicting operational limits. A comprehensive assessment
of hydraulic efficiency in the coolant feeding system, the
optimal design of nozzle geometry, position, and dimen-
sions, as well as the evaluation of coolant distribution over
inserts, plays a crucial role in enhancing the efficiency of
cooling in cryogenic machining processes [9—12]. Com-
putational Fluid Dynamics (CFD) techniques facilitate
the accurate determination of temperature in the contact
zone, optimized flow rate, position, and direction for the
cryogenic jet, eliminating the need for expensive and time-
consuming experimental trial and errors. CFD simulations
offer precise insights into the process under various opera-
tional conditions, ensuring feeding system stability and
cooling efficiency [13, 14]. Compared with conventional
experimental trial-and-error approaches for coolant system
development, CFD enables systematic exploration of nozzle
geometries and operating parameters without the cost and
time associated with repeated physical prototyping. While
experimental testing remains essential for final validation,
it is constrained by measurement accessibility within small-
scale internal channels and by difficulty in capturing tran-
sient phase-change phenomena in the near-nozzle region.
CFD, by contrast, offers direct access to local velocity, tem-
perature, and phase fraction fields across a wide range of
conditions, thereby reducing the reliance on costly iterative
testing and accelerating the optimization process.

Despite the critical importance of accurately determin-
ing key scCO: parameters and nozzle design characteristics,
studies utilizing CFD techniques to simulate the cryogenic
cooling process in machining applications are very limited.

In various works that implemented cryogenic machin-
ing simulation, the cryogenic cooling effect has been just
considered using an analytical formula for the convective
heat transfer [15—-17]. In some investigations, researchers
applied an inverse method to determine the heat transfer
coefficient in the cryogenic cooling process [18, 19]. Yaz-
dani et al. [20] conducted CFD modelling of two-phase flow
of CO: in converging diverging nozzles. They validated the
numerical results with the experimental data by Nakagawa
et al. [21], assessing the phase change of CO: in the super-
sonic regime.

Golda et al. [22] numerically investigated the evapora-
tion and cooling effects of liquid nitrogen streams during the
cryogenic process. Also, Tahmasebi et al. [10] implemented
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a CFD simulation to determine the behavior of the liquid
nitrogen through the delivery system and the coolant jet and
also verified their numerical findings. They investigated the
effects of the geometry of the nozzle, coolant pressure, and
the workpiece temperature on the cooling efficiency and
offered some suggestions for reliable cryogenic milling. Sal-
ame et al. [11] implemented an investigation on cryogenic
machining using a combination of FEM calculations and
CFD simulation. They investigated the flow of liquid car-
bon dioxide and the cutting temperatures at a very limited
operational condition. Moreover, some of researchers simu-
lated non-equilibrium phase change of scCO: considering
metastable states of CO. coming up due to the fast expan-
sion [23-25]. The existing state of the art in CFD simulation
of the phase change of scCO: during expansion reveals a
knowledge gap. This gap specifically involves operational
conditions that do not extend below the triple point and the
occurrence of solid formation, which is a condition inherent
in the supercritical cooling process.

The formation of solid CO: below the triple point
(216.58 K, 5.18 bar) is a critical yet insufficiently addressed
phenomenon in cryogenic machining. During rapid isen-
thalpic expansion of supercritical CO- to atmospheric pres-
sure, the thermodynamic path may intersect the sublimation
line, resulting in direct gas—solid transition without passing
through the liquid phase. This behavior is strongly influ-
enced by nozzle geometry and pressure gradients, mak-
ing its prediction highly sensitive to modeling precision.
However, due to the transient nature of this region and
lack of diagnostic techniques, prior CFD studies have often
neglected this behavior or applied simplifying assumptions
[20, 22, 23, 26]. Furthermore, conventional equations of
state such as Span—Wagner do not cover solid—gas equilib-
rium, necessitating the development of extended real gas

property tables [27-29]. Capturing solid CO- formation is
essential to accurately simulate jet behavior, cooling perfor-
mance, and reduce risks such as nozzle blockage [30, 31].

Several barriers complicate scCO- discharge and disper-
sion modelling. It is crucial to account for the phase change
in the CO: stream, transitioning from the supercritical state
to gas-liquid equilibrium, as well as the formation of solid
CO: (dry ice) in the cooling jet outlet, followed by subse-
quent sublimation at atmospheric conditions. The accurate
determination of thermodynamic and transport properties
of CO: across a wide range of operating conditions adds
another layer of complexity. Furthermore, existing equa-
tions of state do not fully cover the entire pressure and
temperature range, extending from the supercritical state to
below the triple point [27, 32]. Remarkably, the CFD sim-
ulation of the scCO: cooling process has received limited
attention from researchers, partly due to the aforementioned
challenges.

In this article, we address these challenges by utilizing
real gas property (RGP) tables generated by the National
Institute for Standards and Technology (NIST) Reference
Fluid Thermodynamic and Transport Properties Database
(REFPROP) [27]. While these tables, based on the Span
and Wagner equation of state [28], are employed to esti-
mate properties in liquid and gas phases, extending them is
vital for a comprehensive simulation of scCO: in the entire
operational range in the cooling process under investigation.
This involves incorporating solid CO- properties and the
saturation properties of gaseous CO: below the triple point
(see Fig. 1). Most of the required properties of CO2 below
the triple point are obtained using REFPROP software.

Several studies have explored scCO: cooling for
machining, reporting reduced tool wear, improved cooling
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Table 2 Comparison of supercritical CO: cooling and conventional

metalworking fluids (MWFs) in machining applications [33—35]

Parameter scCO: Cooling Conventional MWFs
Cooling Rapid phase change Bulk cooling;
efficiency enables localized cooling  reduced effectiveness
to ~ 194 K effective at at high speeds due to
high cutting speeds vapor film formation
Lubrication Low intrinsic lubrication;  Strong lubrication;

can be hybridized with

minimal oil additives
Environmental
impact

Non-toxic, non-flamma-
ble; recycled CO2; no
liquid waste

Health & safety No mist inhalation or skin
exposure risk

Eliminates MWF
purchase, filtration, and
disposal; 15-20% machin-
ing cost reduction

Cost

Infrastructure Requires pressurized CO-
storage and insulated
lines; retrofittable to CNC
tools

Residue-free; no cleaning

required

Residue

dependent on fluid
formulation
Potential soil/
water contamina-
tion; high disposal
requirements
Aerosol exposure
linked to dermati-
tis and respiratory
issues

MWFs account for
15-20% of machin-
ing cost

Requires tanks,
pumps, filtration, and
recycling/disposal
systems

Leaves oil/chemi-
cal residue; requires
cleaning

efficiency, and significant environmental benefits com-
pared to conventional metalworking fluids MWFs [33-35].
Table 2 provides a comparative summary of key differences
between these two cooling strategies, based on literature
data.

The novelty of this study is the extension of the Real
Gas Property (RGP) tables to include the solid CO: phase,

Fig.2 Workflow summarizing

enabling accurate CFD simulation of scCO: discharge and
dispersion across the entire phase-change range, includ-
ing conditions below the triple point. To this purpose, the
CFD techniques are applied to determine the pressure and
temperature distributions and give insights to nozzle design
parameters. The modeling covers the entire range of opera-
tional conditions and phase changes during the cooling pro-
cess. Two main software were used for this study, namely
ANSYS CFX (ANSYS 2021 R2) to perform the simulations
and NIST REFPROP to generate the Real Gas Property
(RGP) Table [27]. As this study explores the phenomenon
of solid formation upon the release of supercritical CO-, the
default fluid properties in ANSYS CFX were not applicable.
ANSYS CFX offers a robust method of equilibrium phase
change modelling, which can also be applied for solid for-
mation if we extend the RGP tables to include the solid CO-
properties and saturation gas properties to the sublimation
line. Moreover, the developed simulations are experimen-
tally validated with scCO: discharge from typical milling
tools. The overall workflow of the simulation and validation
procedure is summarized in Fig. 2.

2 Technical approach
2.1 Numerical methodology

The commercial CFD simulation software ANSYS CFX
21.2 is applied for the steady state two-phase flow simula-
tion through the nozzles of the cutting tools and the subse-
quent dispersion. The detailed description of the numerical
approach can be found in the software documentation [36].
The computational methodology relies on a finite volume
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Experimental Setup ANSYS CFX
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- Temperature
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Post-Processing

- Thermal Analysis
- Mass Flow Analysis

Validation & Analysis
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method that employs an implicit, compressible formula-
tion featuring a second-order spatial discretization. Since
the release of supercritical CO- results in a turbulent flow,
we perform Reynolds-averaged Navier—Stokes calcula-
tions. The governing equations are closed by employing
the two-equation k — w shear stress transport turbulence
model developed by Menter [37]. Precise grid refinements
are manipulated to accurately represent the boundary layer
at high Reynolds numbers. In all calculations, the y+ values
are nearly equal to 1, and its maximum value reach 30-35
near the nozzle exit, which are within the validation limits
imposed by the turbulence model.

When dealing with pressurized gases, deviation from the
ideal behaviour is significant and real gas equations of state
are needed to accurately predict the thermodynamic proper-
ties and phase equilibrium. In this study, we employed the
NIST Span and Wagner (S—W) equation of state [28]. This
equation was integrated into the CFD solver through real
gas properties tables. We tested the implementation with
three levels of table refinement and found that, within the
pressure range of 0.1 to 95 bar and a temperature range of
160-350 K, there were no significant differences in results
among different refinement levels. Consequently, we opted
for low-level refinements of the RGP generator throughout
all simulations.

2.2 Properties estimation

In order to define the compressible fluid flow proper-
ties of CO: in the entire range of operations, we employ
RGP tables for the liquid and gas phases. Required ther-
modynamic and transport properties including density (p),
enthalpy (h), entropy, specific heat capacity (Cp), sound
speed, partial derivative of density with respect to pres-
sure at constant temperature (Op/0p)y, viscosity, and ther-
mal conductivity for each phase (liquid and vapor) in terms
of pressure and temperature are generated first using NIST
REFPROP databases. For the purpose of inclusion of solid
CO., we developed visual basic application (VBA) codes to
conduct the extension of RGP table of the liquid phase prop-
erties to the conditions below the triple point. Some of the
solid CO: properties such as the latent heat of sublimation
(AHg,,), density (p), specific heat and thermal conductiv-
ity are assumed to remain constant at their values at 1 atm
and 194 K, as presented in Table 3. Besides, enthalpy and
entropy of solid particles are obtained from the Eqs. 1 and

Table 3 Solid CO: (dry ice) thermophysical properties

Property value
AHg, [kI/kg] [38] 593
p [kg/m?] [39] 1560
Specific heat capacity [J/kg.K] [40] 1240
Thermal conductivity [W/m.K] [41] 0.28

2, respectively. Moreover, the saturation gas properties at
the conditions below the triple point were obtained using
the capability of NIST REFPROP software for the calcu-
lation of saturation gas thermophysical properties on the
sublimation line; however, the transport properties, includ-
ing viscosity and thermal conductivity, are not given at the
conditions below the triple point, and they are extrapolated
from the transport properties at the triple point temperature.

hs = hv_sat - A Hsub (1)
Ss = Svisat - A Hsub/T (2)

This study adopts the hypothesis that solid particles, spe-
cifically those of dry ice, behave in a manner resembling
high-density liquid flow. This assumption is supported by
prior studies showing that dry ice particles formed during
CO: expansion are typically fine, in the micron range, and
can agglomerate to sizes well below 200 um. They exhibit
dense, coherent jet behavior without significant dispersion
or turbulent breakup [30, 31]. Such behavior supports a
quasi-continuous representation in Eulerian simulations.
The model assumes a significantly higher viscosity for
solid CO: particles compared to liquid particles at the triple
point, approximately one order of magnitude higher (about
0.0025 Pa.s), which is consistent with established Eulerian
and granular-flow modeling practices [42]. Additionally, a
minimal gradient of density with respect to pressure, around
10e-8, is considered, reflecting the negligible changes in
solid density [29]. The sound speed in dry ice is estimated
by extrapolating values from metastable liquid CO-, due
to the absence of reliable measurements below the triple
point. These assumptions are consistent with established
multiphase modeling practices for high-pressure scCO:
flows [26] and have been shown to introduce only minor
deviations in the predicted flow field, without significantly
affecting global performance metrics relevant to engineer-
ing applications.

While the present CFD approach captures the key ther-
modynamic transitions of scCO- from supercritical state to
dry ice formation, certain simplifying assumptions were
necessary due to the scarcity of measured thermophysical
data for solid CO:. Properties such as viscosity, density
gradient with pressure, and speed of sound were estimated
from extrapolated liquid-phase values at the triple point and
from values reported in the literature, following established
multiphase CO: modeling practices. These assumptions
may influence local gradients in velocity, temperature, and
phase fraction within the immediate phase-transition zone;
however, they do not significantly affect the global mass
flow rate or outlet temperature, which showed close agree-
ment with experimental measurements. As more precise
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solid-phase property data become available, future models
can be refined to further enhance local predictive accuracy.

2.3 Equilibrium phase change model

In scCO: cooling operation, complex flow occurs due to
multiphase flow with phase change. In this study, we use
a Homogeneous Equilibrium Model (HEM) for multiphase
modeling, which assumes mechanical and thermodynamic
equilibrium between phases, and the phase change happens
rapidly enough to determine mass fractions from the phase
diagram directly [43]. The mass fraction of the vapor phase
is determined using the lever rule [44]:

hmix - hl sat (p)
x = ; 3
hv,sat (p) - hl,sat (p) ( )

here h.,;, represents the mixture enthalpy calculated by the
flow solver, and Ay sqt (p) and Ry sq: (p) are the saturation
enthalpies of the vapor and liquid, respectively as a function
of pressure. For negative values of z, the mixture is fully
subcooled so the liquid properties or solid properties (below
the triple point) are selected. For values of x greater than 1,
the mixture is fully superheated vapor, and vapor properties
are selected. For values of x between 0 and 1, two-phase
mixture exists. The bulk mixture properties are determined
using the lever rule based on the mass fraction of vapor and
saturation properties of the liquid and vapor phases as pre-
sented in Eq. (4).

Pmix (p) = (1 - xv) ® l,sat (p) + Lo P v,sat (p) (4)

Equation (4), in which ¢ represents the property, is used
for the determination of properties such as specific heat,
entropy, enthalpy, and thermal conductivity. Density and its
derivatives with respect to pressure along the saturation line
are calculated using harmonic averaging, as follows:

1 717x T

)

P miz P l,sat P v,sat

apnn'r) 2 1—w <3/’l.sa1,> T (0/717.,;(11,)
Q. | =P p - +
< dp Jr ! ﬂlz,saf, dop T p%,sat op T (6)

Also, the speed of sound is computed as follows:

1 — Co,mix (a 4 mzm) (7)
c? Cp,mix 0 p T

mix

Cy,miz and ¢p mig stand for the specific heat of the mixture
at constant volume and constant pressure, respectively, and
are calculated using the mixing rule presented in Eq. (4).

2.4 Simulation setup and mesh characteristics

A steady state two-phase flow simulation of scCO: through
the nozzles of a commercial ball nose cutting tool by SECO,
schematically illustrated in Fig. 3.a, and the subsequent dis-
persion was carried out. The shape and dimensional parame-
ters (all in mm) of the flow path including an axially located
flow path and 4 nozzles are shown in Fig. 3.b. The inlet
conditions for the simulation were specified as a total pres-
sure of 91 bar and a static temperature of 310 K, provided
by Fusion Coolant Systems for the Pure-Cut scCO: delivery

b)

YA

©LE24B02 (iCSF

Fig. 3 Schematic of the cutting tool and coolant path

@ Springer
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Table 4 Solver control parameters specifications

Solver control parameters set up

Advection scheme High resolution

Turbulence numerics First order

Physical time scale Se-5

Clip pressure for properties On

High speed numerics On
Minimum pressure for properties 100,000 [Pa]
Global dynamic model control On

Pressure Interpolation Type Trilinear
Shape Function Option Geometric
Velocity Interpolation Type Trilinear
Temperature damping Automatic

Velocity pressure coupling Rhie Chow option

High resolution

Table 5 Details of mesh structures for mesh independency assessment

Mesh structures Number of tetra- Number of  Minimum
prism elements  prism layers mesh
quality
Mesh structure 1 308,000 3 0.15
Mesh structure 2 895,000 3 0.16
Mesh structure 3 1,769,000 3 0.11
Mesh structure 4 1,049,000 6 0.11
Mesh structure 5 1,201,000 8 0.10

system used in the experiment, ensuring stable and efficient
scCO: delivery. The outlet is in atmospheric condition at
101,325 Pa and 298 K. Equilibrium phase change model
with extended RGP tables for properties estimation and SST
k —w were employed. To ensure the numerical stability,
the solver control was specified according to Table 4.

In the computational domain, the mesh structure consists
of a combination of tetrahedral elements and three layers
of prism elements on the wall to capture near-wall behav-
ior. This configuration is generated in ICEM-CFD using
the top-down approach with the robust Octree method.
To ensure mesh-independent solutions, we conducted an
assessment with four levels of mesh refinements. The inves-
tigation focused on the temperature along the axis of one
of the nozzles extended into the atmosphere, using four
different mesh structures. Table 5 presents the number of
tetra-prism mixed elements and the minimum mesh quality
for each structure, evaluated using the mesh quality factor
in ICEM CFD, which assesses the shape and distortion of
mesh elements. All minimum mesh quality values are above
0.1, which falls within the acceptable range for achieving
stable and accurate simulation results, in line with the rec-
ommended guidelines for the CFX solver.

In the near-wall region, three prismatic layers were
employed, with local y* values predominantly in the range
of 1 to 35. This configuration provided adequate representa-
tion of near-wall effects while maintaining numerical sta-
bility for the large computational domain. Mesh refinement

320
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o
1
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— Mesh Structure 1
220 — Mesh Structure 2
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OLE24BO3 (TR Z[m]

Fig. 4 Temperature along the nozzle axis for mesh independency
assessment

trials indicated negligible differences in predicted outlet
mass flow rate and temperature when increasing the prism-
layer count beyond three under the present operating condi-
tions. The selected setup is therefore considered sufficient
for resolving the global flow and phase-transition behavior
examined in this work.

As illustrated in Fig. 4, minor differences between the
results of mesh structures 2 and 3, evaluated for tempera-
ture along the nozzle axis extending into the dispersed cloud
(depicted in Fig. 5, with the z-direction base point used for
labelling in Fig. 4), confirm that the solution has achieved
mesh independence. Further refinement of mesh structure
2 by increasing the number of prism layers to 6 and 9 did
not lead to any significant change in the predicted results.
Therefore, mesh structure 2 was adopted for all subsequent
simulations, as it provides an optimal balance between
computational efficiency and accuracy. Figure 5 illustrates
a sample cut plane showing the mesh structure (including
prism elements) and the reference line for mesh indepen-
dence study.

During the simulations, the mass flow in and out is moni-
tored to observe a steady solution. Convergence is reached
after approximately 2000 iterations, taking about 3 h on a
core 17-6800 K CPU 3.40 GHz processor (6 cores and 12
threads) with 32.0 GB RAM. The converged solution indi-
cates a total mass flow rate of 4.26 g/s.

2.5 Experimental test setup

The experimental measurements in this study are conducted
using a five-axis CNC milling machine (GF MILL S 400 U)
equipped with a Fusion Coolant Systems Pure-Cut scCO-
delivery system, as detailed in Fig. 6. The mass flow rate
is determined by monitoring the differential weight of the
scCO:z reservoir using a BOSCHE S20S load cell. The pres-
sure and temperature of the scCO: inside the internal cooling
channels are maintained at 31 °C and 91 bar, respectively,

@ Springer



4226

The International Journal of Advanced Manufacturing Technology (2026) 143:4219-4231

vax
A"
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which correspond to the recommended standard operating
conditions provided by the fusion coolant system. During
the experimental trials, the ambient temperature was 19 °C
and the relative humidity was 85%.

To monitor temperature, a K-type thermocouple is strate-
gically positioned in the flow’s exit direction, precisely 1 cm
away from the nozzle. Additionally, an infrared thermal
camera (ImageIR® 8300), illustrated in Fig. 5, is employed
to capture the temperature distribution. However, it’s impor-
tant to note that the infrared camera’s ability to accurately
estimate temperature relies on surface reflections, thus it
cannot depict the temperature within the scCO: jet flow dur-
ing expansion. Nevertheless, it effectively displays the tem-
perature at the tool’s edge, which aligns with the expected
sublimation temperature of COx.

Moreover, a 4 K camera is installed inside the machine to
capture high quality images of the scCO- expansion process.

@ Springer
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3 Results and discussion

After providing detailed explanation of the simulation
method in preceding sections and describing the experimen-
tal setup designed to validate the results, the subsequent find-
ings are detailed as follows. Figure 7 presents the outcomes
of the differential weight measurements recorded by the load
cell. It is evident that a steady state mass flow rate is achieved
after 234 s, with an average value of 4.59 g/s observed under
steady state condition. The simulated value for the mass flow
rate of supercritical carbon dioxide (scCO2) is determined
to be 4.26 g/s, reflecting a relative percentage error of 7.7%.
The results presented here correspond to steady-state condi-
tions with a mass flow rate of 4.26 g/s.

Figure 8 provides a qualitative comparison of the jet
flow discharged from the tool nozzles, with the experimen-
tal observations illustrating the cloud-like shape of the CO-
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Fig. 8 Shape of the CO: jet flow from the nozzles- comparison of the
simulation and experiments

jet flow and the simulation results presenting velocity con-
tours. While the experimental setup does not allow for direct
velocity magnitude measurements due to the absence of an
anemometer, the close agreement in jet shape between the
experimental observations and simulations indicates that
the discharge and dispersion behavior of scCO- is well-cap-
tured in our model. However, the experimental visualization
remains inherently qualitative due to the rapid sublima-
tion of dry-ice particles following expansion. Despite this
limitation, the comparison reveals good agreement in the
overall jet geometry, including the axial extent of the core
region and the jet spreading angles. In both cases, the jet
exhibits a comparable downstream extent and divergence
angle, indicating similar discharge and dispersion behavior.
In addition, a more concentrated inner region close to the
nozzle exit can be identified in the experimental images and
corresponds to the near-nozzle core region predicted by the
simulation, followed by a gradual transition to a wider outer
jet. This geometric correspondence provides indirect but
meaningful evidence of consistency between the numerical

predictions and the experimentally observed jet structure,
demonstrating the ability of the simulation to replicate criti-
cal flow characteristics near the nozzles, which are crucial
for understanding the dynamics of CO: discharge in cryo-
genic machining.

Figure 9 displays the pressure and temperature distribu-
tion within the jet flow discharged from the nozzles of the
milling tool, including a detailed view at the nozzle exits. As
expected, based on the specified boundary conditions, the
pressure exhibits a range from 91 bar at the inlet to atmo-
spheric pressure. Concurrently, the temperature decreases
to 194 K upon expansion, consistent with the sublimation
temperature of CO: at atmospheric pressure. Notably, as
shown in Fig. 10, the thermocouple installed at the exit of
the milling tool’s nozzles recorded a minimum temperature
of 195.45 K during the process. The simulation’s minimum
temperature exhibits a relative percentage error of 0.7%. It
is evident that the predicted temperatures from the simu-
lations align closely with the experimental observations,
thereby validating the accuracy of the simulations and the
extended RGP tables.

Figure 11, which illustrates the solid CO- mass fraction
upon expansion (below the triple point) and the liquid CO:
mass fraction within the nozzles of the milling tool, provides
a detailed depiction of the CO: phase transitions during the
jet flow discharge. Inside the nozzles, CO: transitions from
the supercritical state to liquid and gas phases, with a liquid
CO: mass fraction reaching a maximum of 0.93 in a local-
ized region near the nozzle exit. Upon expansion to atmo-
spheric pressure, CO: undergoes further phase transition,
resulting in solid and gas phases, where the solid CO: mass
fraction predominantly ranges between 0.24 and 0.28. This
depiction highlights the phase transitions occurring dur-
ing expansion and emphasizes the significance of optimiz-
ing nozzle geometries to minimize risks of blockage while
ensuring efficient cooling during machining operations.

As evidenced by the findings, the proposed simulation
technique proves to be a computationally efficient method
with satisfactory accuracy in predicting flow behavior. It
offers valuable insights for design and optimization pur-
poses without incurring excessive experimental expenses.
Moreover, by this approach, a wide range of operating
conditions of the flow of CO: in the cryogenic process is
covered, and limitations regarding the determination of
thermodynamic and transport properties of CO: above the
critical point (supercritical state) and below the triple point
at atmospheric condition, where solid CO: appears, are
addressed through the extension of the RGP tables. While
direct validation of the solid phase fraction was not feasible,
the model’s predictions for mass flow rate and minimum
temperature showed close agreement with experimental
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@ Springer

observations, supporting the accuracy and applicability of
this work as a starting point for further investigations.

4 Conclusions

In this study, we have successfully integrated the solidi-
fication behavior of CO: into our investigation of scCO:
discharge and dispersion through cutting tool nozzles in
cryogenic machining applications. From a simulation per-
spective, there exists a notable gap in knowledge regard-
ing the phase change phenomena of supercritical carbon
dioxide (scCO:) during expansion. This gap specifically
relates to operational scenarios that do not extend below the
triple point of scCO: and the occurrence of solid formation,
which is a crucial aspect inherent in supercritical cooling
processes.

To achieve this purpose, we utilized ANSYS CFX for
CFD simulations employing the equilibrium phase change
model to accurately predict phase transitions during the
process. Additionally, we developed VBA codes to expand
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the RGP tables of liquid phase properties, originally gen-
erated by NIST REFPROP databases, to incorporate solid
CO: properties and saturation gas properties under condi-
tions below the triple point. Consequently, our simulations
encompass a broad spectrum of operational conditions and
phase changes during the cooling process, effectively over-
coming challenges associated with determining CO: proper-
ties in supercritical and sub-triple-point states through RGP
table extensions.

This simulation approach facilitated the analysis of pres-
sure and temperature distributions, mass flow rate, and solid
CO:2 mass fraction, providing valuable insights into nozzle
design parameters. Experimental validation conducted using
a five-axis CNC milling machine equipped with an scCO-
delivery system demonstrated close agreement between
simulated and observed mass flow rates and flow charac-
teristics. The relative percentage errors for steady mass
flow rate and minimum temperature of flow upon expan-
sion between experimental and simulation results are 7.7%
and 0.7%, respectively. Furthermore, the model captured a
solid CO2 mass fraction of up to 0.28 in the expansion zone,
confirming its capability to resolve complex phase transi-
tion behavior during scCO: discharge.

Our simulation methodology has proven to be computa-
tionally efficient and accurate, offering significant implica-
tions for design optimization while effectively addressing
limitations associated with determining CO: properties
under extreme conditions.

0.0375

5 Outlook

It is important to note that in the CFD simulation of scCO:
in the milling process, severe complexities arising from the
dynamic effects of rotation make the simulation even more
challenging. The dynamic effects of rotation, especially
at the rotation speeds used in milling processes, strongly
affect the stability and convergence of the solution. From
a physical perspective, tool rotation can also modify the
spatial distribution of the expanding COs: jet and the asso-
ciated solid-rich regions by introducing centrifugal effects
and relative motion between the nozzle and the flow, which
may deflect the jet trajectory, alter local residence time, and
influence where solid CO: is delivered and sublimates near
the cutting zone. Acknowledging and accounting for these
dynamic rotational effects and further refining the model to
incorporate additional complexities, such as air dispersion
and the interaction between the coolant and the workpiece,
which are more representative of actual milling conditions,
will be the subsequent stage in our research program’s
exploration of flow behavior in cryogenic cutting processes.

While this study primarily focuses on the phase transi-
tion behavior of supercritical CO. during expansion, it is
important to recognize that the workpiece and chip in a real
milling process significantly affect coolant flow dynamics.
The workpiece introduces additional resistance, disrupting
jet flow, while the chip may obstruct coolant flow at the tool/
workpiece interface, impacting cooling efficiency. Future
work will incorporate these factors into the simulation,
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improving the accuracy of the model by considering the
effects of the workpiece and chip on coolant flow. This will
enhance the predictive capability of the model for practical
cryogenic machining applications.

The current CFD framework captures the main thermo-
dynamic transitions from supercritical COz to dry ice forma-
tion but necessarily applies simplifying assumptions due to
limited thermophysical data for the solid phase. Properties
such as viscosity, density gradient with pressure, and speed
of sound were estimated from extrapolated or analogous
liquid-phase values at the triple point, following established
multiphase CO2 modeling practices. These assumptions
have minimal effect on global validation metrics such
as mass flow rate and outlet temperature but may influ-
ence local gradients near phase-transition zones. Address-
ing these gaps through improved property data will be an
important direction for future refinement.

In addition to the modeling extensions discussed above,
further qualitative validation of solid CO: formation and
transport could be supported through non-intrusive, optical-
based diagnostics under controlled conditions. For instance,
high-speed flow visualization or shadowgraph imaging may
provide indirect information on the spatial evolution of
dense or solid-rich regions during rapid expansion, based on
changes in jet opacity and structure. While such approaches
do not enable direct measurement of solid fraction or parti-
cle properties due to rapid sublimation, they can offer com-
plementary insight into the transient behavior and spatial
distribution of solid CO: and serve as supportive validation
tools for future studies.
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