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ARTICLE INFO ABSTRACT

Keywords: Supercritical CO, (sCO,) is of high interest for compact cooling applications, yet local heat transfer data in
Carbon dioxide millimetric scale horizontal tubes under electronics-relevant conditions remain scarce. This work reports local
Supercritical heat transfer coefficients, pressure drops and temperature-inlet-to-outlet values for CO, at inlet pressures from

Detector cooling
Heat transfer
Pressure drop
Experimental

7.5 to 8.5 MPa flowing in a 1 mm horizontal stainless-steel tube with G = 2130 kgm=2s~! (71 ~ 1.8 gs™!)
and uniform Joule heating over L, = 0.903 m at ¢ = 35 kWm™2. A calorimetric data reduction based on inlet
and outlet conditions is combined with an axial enthalpy integration to express results as a function of bulk
enthalpy, thus enabling consistent comparison across inlet temperatures.

The obtained heat transfer coefficients span from 10 to 60 kWm~2K~! and show a systematic dependence
on inlet temperature and pressure through the pseudo-critical region. When the fluid near the wall crosses the
pseudo-critical point, a first enhancement is observed, associated with the sharp increase in c,, causing the
collapse of (T,,—T,). The overall pressure drop increases steeply as inlet conditions approach the pseudo-critical
temperature, whereas the inlet-to-outlet temperature rise decreases and tends to plateau, highlighting the
thermal-hydraulic trade-off in this regime. Additionally, comparison with Petukhov (P) and Krasnoshchekov-
Kuraeva-Protopopov (KKP) correlations shows that KKP captures about 85% of data within +20%, while
P overpredicts at high heat transfer coefficients due to the lack of consideration of strong radial property
variations.

These results provide a benchmark dataset of high Reynolds numbers, low heat flux sCO, heat transfer
in 1 mm horizontal channels and show an improved performance of sCO, as a local single-phase refrigerant,
making it a promising alternative for detector and electronics cooling at warm operating temperatures above
31 °C.

1. Introduction

Research on heat transfer with supercritical fluids dates back to
the 1930s with the first studies on free convection near the critical
point [1]. In the 1970s, applications were diverse: near-critical helium
for cooling superconducting magnet coils, supercritical hydrogen as
a rocket fuel, supercritical water in power generation, and methane
as both coolant and fuel for supersonic transport [2]. Today, sCO, is
considered the reference fluid for studying supercritical heat transfer,
owing to its relatively low critical point, which makes laboratory
experiments accessible. Consequently, carbon dioxide has been widely
employed as a modelling fluid throughout the last century, particu-
larly in nuclear reactor research [3]. More recently, interest in sCO,
has started to expand to electronics cooling and other applications
where high heat fluxes must be managed in compact geometries [4].

Despite this growing interest, there has not yet been experimental work
explicitly dedicated to sCO, as a coolant for electronics in small pipes.

Electronics cooling places strict demands on temperature stabil-
ity, heat flux dissipation and compactness, which in turn set tight
constraints on the thermo-physical and hydraulic behaviour of the
coolant.

Single-phase liquid cooling is typically the first choice for the ther-
mal management of electronics whenever heat removal by forced air
convection is not enough. This is mainly due to the design simplicity of
single-phase cooling systems and to the stable and predictable thermo-
hydraulic behaviour of single-phase flows in ducts. However, when the
dissipated power density becomes high and space limitations impose
the use of small diameter pipes, single-phase liquid cooling becomes
insufficient, due to the large thermal gradients involved, or to the high
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flow speeds required to limit the temperature increase, involving high
pumping powers and risks of erosion of the pipe walls.

The management of high thermal loads in confined spaces is typical
of many electronics application cases. For particle detector electronics,
CO, evaporation cooling in mini- and micro-channels has been used
for over a decade [5]. Boiling flows are highly effective because they
dissipate large amounts of heat with limited temperature increase,
due to the latent heat of evaporation. Furthermore, since temperature
variations are only due to the pressure drop along the cooling path,
they exhibit only minimal changes in bulk temperature enabling nearly
isothermal operation. Finally, the heat transfer coefficients achieved
by flows boiling in small diameter pipes are much larger than those
achievable by single-phase flows under comparable conditions.

In contrast, two-phase cooling systems require more complex sys-
tems than their single-phase counterparts, especially when manifolds
are required; and the prediction of thermo-hydraulic behaviour of
boiling flows in ducts relies on semi-empirical correlations of very
limited general validity.

Supercritical fluids lack a latent heat of vaporization, since distinct
liquid and vapour phases no longer exist above the critical point.
Instead, in a nearly isobaric process, a supercritical fluid undergoes
a continuous transition from a liquid-like to a vapour-like state as
temperature increases. This can offer many advantages related to the
simplicity of working with a single phase, while offering a performance
comparable to two-phase coolants.

A defining feature of supercritical fluids is the steep variation of
physical properties at the vicinity of the critical point. This behaviour
is illustrated in Fig. 1, which displays the variation of density, isobaric
heat capacity, viscosity and thermal conductivity of CO, across the
critical region. Enthalpy was chosen as the independent variable to
define the thermodynamic state of the fluid. In heated flows, particu-
larly near the pseudo-critical region, enthalpy provides a more practical
and physically meaningful axis than temperature, because it directly
reflects the progression of the energy balance along the channel. The
high specific heat capacity near the pseudo-critical point implies that
the fluid can absorb significant thermal loads with only a modest
temperature rise, suggesting the possibility of designing cooling systems
that approach isothermal operation even without phase change. At the
same time, the density and viscosity variation showcase the liquid-like
to vapour-like transition and affect the velocity profile and turbulence
characteristics in such systems. Such variations provide the potentiality
to achieve very high heat transfer coefficients while keeping at low
values the pressure drop along the cooling pipes.

The advantage of using sCO, over other refrigerants depends natu-
rally on the specific application conditions. Nevertheless, carbon diox-
ide presents a fundamental benefit compared with synthetic refrig-
erants such as fluorocarbons: it exists naturally in the environment.
As the European Commission bans fluorocarbons and other high-GWP
refrigerants [7], the remaining long-term options are the so-called
‘green’ fluids. Other natural coolants include ammonia, water and
certain hydrocarbons, each with their own advantages and limitations
depending on the boundary conditions of the system.

For electronics cooling, hydrocarbons can only find very limited ap-
plications due to their flammability. Water is widely used as a coolant
because of its exceptionally high specific heat capacity. However, in
conventional commercial systems water operates as a low-pressure
refrigerant, and pressure drop becomes a limiting factor—particularly
in the small-diameter channels characteristic of compact electronics
cooling. In addition, water is electrically conductive and therefore
presents a risk when circulated near sensitive electronic components.

This study provides a dedicated experimental dataset of sCO, heat
transfer behaviour under operational conditions representative of elec-
tronics cooling applications. In particular, typical working parameters
for one cooling circuit segment of a silicon detector in the LHC at CERN
are selected for the analysis, in this case meaning a power density of
35 kWm™2.
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2. Literature review and scope of the present work

Previous studies have highlighted the potentially high heat transfer
coefficients attainable with sCO, [8,9]. However, the open literature
shows rather inconsistent results and diverse conclusions are extracted
from different studies. As already emphasized by Hendricks [2], near-
critical heat transfer data can differ significantly between test rigs,
implying that system and geometry effects play a non-negligible role in
the inconsistencies observed across studies. These inconsistencies may
also be enhanced due to several factors, many of which are discussed
in this work.

Although heat transfer studies with supercritical CO, are abundant,
only a limited number provide data in the small-diameter range rel-
evant to electronics cooling. Wang et al. [9] reported the first local'
heat transfer coefficients in tubes below 2 mm, with diameters of 0.5,
0.75 and 1 mm, and observed values between 1.6-3.3 kW/m?2 K under
moderate mass fluxes. Their comparison with existing correlations
revealed significant discrepancies, reflecting the limited predictive ca-
pability of models developed for larger diameters or vertical pipes.
Guo et al. [10] evaluated average heat transfer coefficients in a 2 mm
horizontal tube and highlighted the role of buoyancy through top-
bottom temperature differences, again noting that correlations failed
to reproduce their trends (and subsequently developing their own).

Earlier work by Liao and Zhao [11] already demonstrated strong
effects of flow orientation and diameter in their average heat transfer
coefficients, showing that their 0.7 mm and 1.4 mm pipes were strongly
affected by buoyancy effects in conditions when the reduced pressure
approached 1. The effect of inlet temperature was not thoroughly con-
sidered in the literature until Kline et al. [12] presented that local wall
temperature profiles changed depending on the inlet temperature at
otherwise equal system conditions. More recently, Theologou et al. [8]
showed that the inlet temperature controls both the magnitude and
axial development of local heat transfer coefficients in 4 mm and 8 mm
tubes.

Across these studies, a consistent picture emerges: the qualita-
tive behaviour of heat transfer is dictated by the strong near-critical
variation of thermophysical properties. Classical work by Yamagata
et al. [13] and Jackson [14] showed that the steep rise in heat ca-
pacity near the pseudo-critical point enhances heat transfer in the
absence of buoyancy, while density gradients may introduce additional
acceleration or stratification effects. However, the combined effect of
tube diameter, inlet temperature and buoyancy remains only partially
explored, and data for 1 mm horizontal tubes at high Reynolds number
are essentially absent. The lack of local measurements in small hor-
izontal channels limits the development and validation of predictive
models.

Other recent works address heat transfer properties of CO, in com-
pact geometries. However, they either focus on measurements of ap-
plied heat exchanger performances [15], or treat the subject from a
purely numerical point of view [16,17]. Additionally, no direct reports
of temperature increase along the pipe, nor pressure drop, are easily
accessible in the open literature.

The present study contributes to filling this gap by providing local
heat transfer coefficients in a 1 mm tube at high mass flux and low heat
flux; conditions typical of detector or electronics cooling, but scarcely
documented in the literature. Smaller diameters reduce stratification
effects and also limit the space available for radial property gradients to
develop, allowing more uniform flow characteristics in the radial axis.
This could potentially mitigate buoyancy effects in supercritical heat
transfer, which heavily impacts the early deterioration of heat transfer
seen in larger pipes [18]. This is, for instance, shown in Fig. 9, discussed
in a further section.

1 In this context, the term local refers to the rate of heat transfer between
the fluid and the surface at a specific location along a flow path.
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Fig. 1. Thermophysical properties of CO, as a function of enthalpy at different pressures across the critical region: density (top left), isobaric heat capacity (top

right), viscosity (bottom left), and thermal conductivity (bottom right).
Source: Properties extracted from [6].

Furthermore, essential details such as the purity of the CO, used
have not always been reported in the literature, making comparison
and reproducibility difficult. The omission of such parameters has led to
a lack of essential information for the reader and may partly explain the
variability observed across datasets. Kurganov et al. [19] showed the
effect of different impurities in the estimation of the physical properties
of a supercritical fluid and emphasized that even small increases of air
in the mixture decreased the temperature of the specific heat maximum
at a given pressure. In general, carbon dioxide bottles can be found with
different qualities,> where the term reflects the amount of impurities in
the fluid. For supercritical applications, carbon dioxide with 99.998%
mass purity is recommended (the rest is air, mainly nitrogen). Fig.
2 shows the variation of the isobaric heat capacity with temperature
at different system pressures and different mixture concentrations. It
can be seen from the diagram that two phenomena are encountered at
different carbon dioxide qualities: the temperature at which the maxi-
mum c, is achieved (pseudo-critical temperature) is displaced towards
the left; meaning that the pseudo-critical temperature is reduced for a
given pressure when using 99.5% carbon dioxide (the standard quality
used in industrial and medical applications) with respect to 99.998%.
Additionally, the ¢, maxima decreases with lower concentration of
carbon dioxide for the two pressures shown: around 15% at 8 MPa, and
less than 5% at 9 MPa. In this work, the physical properties used for all

2 How the purity of the fluid is indicated depends on the manufacturer.
A common method is to report a quality of two digits where the first digit
represents the number of 9s and the second digit the number after the last
9. For example, CO, 48 or CO, 4.8 is carbon dioxide with 99.998% carbon
dioxide purity.

40 T T T ! -
— — P =8.0 MPa, 99.50%
sl ——P =8.0 MPa, 99.998%| |
— = P =9.0 MPa, 99.50%
=P =9.0 MPa, 99.998%
30
¢ 25
‘o
X 20
=
4
215
10
5
0 : ’ ' ' '
20 25 30 35 40 45 50

T/°C

Fig. 2. Variation of the isobaric heat capacity of carbon dioxide at
different system pressures and purities with temperature.

two

calculations are obtained using the pre-defined mixture ‘c02.q48’ from
REFPROP [6], which already considers the purity 99.998%.

This study provides novel results of the heat transfer coefficients and
pressure drops obtained with carbon dioxide (99.998% purity) at 7.5,
8 and 8.5 MPa flowing horizontally in a 1 mm pipe with a mass flux
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of 2130 kg/m? s (1.8 g/s mass flow rate) with a heat flux 35 kW/m?
(100 W over a length of 0.9 m).

3. Experimental setup

The test rig is depicted in Fig. 3 and consists mainly of two main
parts: fluid conditioning and test section. The fluid conditioning con-
sists of a pumped loop where pressurized carbon dioxide (by means
of AC-101) is flowed with a liquid pump (LP-101). The fluid is then
filtered to remove any debris and the flow is regulated with a by-
pass valve (MV-105) and measured in FT-101. After this, the fluid is
heated to the desired temperature with an electric heater (EH-101).
Downstream of the electric heater, the fluid is sent to the second stage,
the test section. In this stage, the fluid is sent to the capillary-sized
pipe in order to determine heat transfer coefficients and pressure drops
along the test section, which is inside the dashed lines in Fig. 3, as well
as further detailed in the sketch shown in Fig. 4.

Power is supplied to the test section by means of Joule heating.
In the sketch, three rectangular blocks show the attachment points of
the resistive heater. By adding a positive electrode in the centre and
two negative electrodes on the sides, the power provided is contained
within the powered length. A distance of more than 50 diameters was
left before the start of heating.® The assumptions of developed flow at
such distance remain an assumption that, although is valid at subcooled
conditions and when sufficiently far from the pseudo-critical point,
remains a topic that deserves further study [8].

In the sketch, circles represent the wall temperature measurement
points: 10 in the heated zone and one in the adiabatic zone. These
are coated in a small layer of electrical insulation, covered in thermal
conductive paste and placed directly in contact with the wall of the
test section. They are kept in place using steel-filled epoxy putty. Addi-
tionally, Table 2 collects all the information regarding the dimensions
and accuracies relative to the test section and measurements, including
sensor axial positions. The test section is fully contained in a insulated
box.

For operation, the desired pressure can be set by allowing nitrogen
in AC-101 with FR-101. Then, the pump rotation speed is regulated
with a variable frequency drive. The mass flow can be then set using
MV-105 and once this is stable, the EH-101 is regulated to provide
carbon dioxide flow at the desired operating temperature. The Joule
heating can be set by regulating the power in EH-102. Since an addition
of power in any of the heaters will cause the pressure drop of the system
to increase, the mass flow has to be adjusted every time the heaters
are used. This is performed by an on-site operator, which constantly
monitors the system with help of a dedicated software developed in
LabVIEW, for which the code can be publicly accessed in the CO2-SASS
Gitlab repository.

Steady state is considered when the fluctuation of the temperature
and pressure signals falls below the accuracy level for at least 5 min.
The data is recorded at a frequency of 1 Hz for 5 min.

A fully detailed description of the test rig, containing all relevant
information (including its design, sensor placement, calibration, and
uncertainty analysis) is provided in the open access Ref. [21].

4. Data reduction and uncertainty
4.1. Data reduction

The heat absorbed by the fluid is calculated calorimetrically* by
means of the inlet and outlet pressure and temperature conditions, as

3 The minimal entrance length was calculated using a Reynolds-based cor-
relation for smooth pipes [20] at sub-cooled conditions. The results remained
below 50 diameters for Reynolds numbers up to 10°. The inlet Reynolds
numbers in the present data lie at 10*.

4 Method followed by several authors [9,27] during experimental work and
recommended by Kurganov [19].
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Table 1
Correlations used for comparison with the experimental data.

Petukhov correlation (P) [22]
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well as the mass flow; with the energy balance shown in Eq. (1).
Q = m[h(Tf,outspout) - h(Tf,invpin)] (1)

To mitigate the high sensitivity of enthalpy to small temperature un-
certainties near the pseudo-critical point, where calorimetric error can
exceed 100% [8], the electrical power was simultaneously monitored.
The electrical input was corrected by a factor of 0.972 to account for
electrode contact resistance and voltage drop-by measuring the direct
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voltage applied—, and a conservative thermal efficiency of 90% was
assumed to consider environmental heat losses at data points where the
power absorbed was larger than the power provided to the pipe. Such
data points were four setpoints at 7.5 MPa, from an inlet temperature
of 24.5 °C. A heat balance was carried out in order to estimate the heat
leaks, which resulted 2 W at 29 °C. This accounts for all contributions
from the environment and from the effect of axial conduction through
the metallic pipes.

Once the heat flow absorbed by the fluid is known, the pipe length
can be discretized in N segments with length dz, where dz = L/N
so that the enthalpy value along the axial pipe dimension can be
calculated as:

40
hz+dz = hz + VQ’ (2)

where

0
Lheater

To ensure the results were independent of the numerical discretiza-
tion, a grid independence study was carried out for the axial enthalpy
integration. The number of segments was varied from N = 30 to
N =500 and at N > 60 the shift in the total calculated pressure drop
was less than 0.1%. The difference in the peak value between N = 60
and N = 100 was 3.5% due to the extreme property gradients at the
pseudo-critical point. N = 100 was used for higher resolution.

do = dz. 3

The pressure at each pipe axial position is calculated after each seg-
ment. Frictional pressure drop is estimated using the Darcy-Weisbach
equation (Eq. (5)), for which the Darcy friction factor (Eq. (7)) can
be obtained from the empirical equations [28] after calculating the
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Table 2

Dimensions of the test section and measurement accuracies.
Dimensions Value Units
Tube length 1 m
Inner diameter 1.037 mm
Outer diameter 1.591 mm
Heated length 903 mm
Start of heater length 70 mm
Average roughness 1.15 pm
Name of test section TSO01A -
Accuracy Value Units
Absolute pressure (CO,) 0.02 MPa
Absolute pressure (N,) 0.03 MPa
Differential pressure 0.3 kPa
Fluid temperature 0.05 K
Wall temperature 0.07 K
Mass flow 0.036 g/s
Diameter 0.0007 mm
Length Negligible -

Sensor name Type of sensor Location (m)

TT201 Thermocouple type K Pipe wall, z =0.03
TT202 Thermocouple type K Pipe wall, z=0.14
TT203 Thermocouple type K Pipe wall, z=10.22
TT204 Thermocouple type K Pipe wall, z =0.31
TT205 Thermocouple type K Pipe wall, z=0.39
TT206 Thermocouple type K Pipe wall, z =048
TT207 Thermocouple type K Pipe wall, z =0.56
TT208 Thermocouple type K Pipe wall, z =0.65
TT209 Thermocouple type K Pipe wall, z=10.73
TT210 Thermocouple type K Pipe wall, z=10.82

TT211 Thermocouple type K Pipe wall, z =0.90

TT106 In-fluid PT-100 Right before entering the
test section
TT107 In-fluid PT-100 Right after leaving the test

section

Reynolds number (Eq. (4)). For this work, the flow was always tur-
bulent, therefore only turbulent friction factors have been included
in the data reduction procedure. For a pipe with 1.5 pm roughness,
the Haaland explicit solution of Colebrook-White equation can be
used, shown in Eq. (7). Even though the model accounts for axial
property evolution via discrete segments, radial property variations
are not being accounted for in the friction factor calculation. Wang
et al. [29] compared the performance of several radially corrected
empirical relations with isothermal ones and concluded that isothermal
models could be applied to small pipes. Larger diameter tubes can
be more significantly affected by radial distribution of properties and,
although this is also influenced by additional parameters-heat flux,
mass flux, among others—, the present model yields satisfactory results.

Pressure drop due to flow acceleration is calculated with Eq. (6).
The total pressure drop is calculated as the sum of the two.

v;D
Re, = i ”zpz 4)
z
fop: 02
Apfricr,Az = % Az 5)
i
1 1
Apacc,Az = G2 <ﬁ - ﬂ_> (6)
z+ z

Due to the non-linearity of the physical properties, an iterative
method was used to ensure convergence of the local property values,
with a convergence tolerance of 1- 108 bar.

. 1.11 6.9 -
f= [_1A810g10<<m> * Re >] .

The outlet pressure value obtained with the iteration agreed with
the outlet pressure derived from pg,; = pp106—4Ppp101, With deviations
below 0.3%. Once pressure and bulk fluid enthalpy are known along
the pipe length, the temperature can be obtained using REFPROP.
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Fig. 5. Comparison of heat transfer coefficient obtained experimentally with
the Petukhov correlation in a I mm pipe with 1.8 g/s mass flow (corresponding
to 2130 kg m™2 s7!) and a power of 68 W over a 0.9 m length. Validation tests
performed with subcooled carbon dioxide at pressure below the critical point.

To calculate the heat transfer coefficient, the bulk fluid temperature
at which the outer wall temperatures are measured are obtained by
interpolation. The temperature difference across the wall of a hollow
cylinder with outer diameter D, and inner diameter D; with heat
generation within the pipe volume can be calculated with Eq. (8).

_ Dy (1 - Ing) — 1 _ (D,
Tw,a_Tw,i - 4TSS <T>’ where ¢— <E> (8)

The thermal conductivity of stainless steel is considered constant
throughout the range of temperatures (20-40 °C). Once the two tem-
peratures are known, the local heat transfer coefficient can be calcu-
lated using Eq. (9).

e=—9 €©)

Tw,z - Tb.z

4.2. Data repeatability and uncertainty

The reliability of the measurements obtained with the present test
rig has been preliminarily validated by comparing measurements per-
formed in the subcooled liquid region with the well accepted correla-
tion by Petukhov [22]. Further details of this validation are reported
in [21].

A sensitivity analysis was performed to assess the model dependence
of the local heat transfer coefficient on the assumed friction factor cor-
relation and on local pressure uncertainty. Replacing the Haaland [30]
correlation with Petukhov [22] or McAdams [31] (smooth pipe) re-
sulted in a maximum deviation of 13.9% and 12.8% in «, respectively.
However, using Swamee-Jain [32] instead of Haaland resulted in a
maximum deviation of 1.5% in «. In general, Haaland is an accepted
model in supercritical literature [29] for small pipes.

Fig. 5 shows the experimental heat transfer coefficient, as well as the
one calculated with Petukhov versus the Reynolds number. The trend of
the experimental data follows well that of the calculated values, show-
ing very good agreement with a well established theoretical model. The
roughness of the pipe was accounted for in the friction factor used.

A second validation of this test rig was performed in the super-
critical regime, by replicating a number of data points acquired by
Theologou et al. [8] in a 4 mm pipe, using the test facility SCAR-
LETT [33]. The results are shown in Fig. 6. Although the measurements
with CO2-SASS were performed in this case with a middle thermo-
couple, data suggest good agreement in the magnitude of the heat
transfer coefficient. Best agreement is observed in the liquid-like region,
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Fig. 6. Heat transfer coefficient data obtained with CO2-SASS at similar
conditions as reported by SCARLETT in Theologou et al.’s work [8]; B =
bottom, M = middle, T = top. Operating pressure is 7.74 MPa.

as values only start diverting when the bulk enthalpy approaches the
pseudo-critical area. On this note, it is interesting to consider that the
only difference between SCARLETT and CO2-SASS data is the diameter,
suggesting that the differences found might be caused by buoyancy
effects in the larger pipe.

The uncertainty of the heat transfer coefficient is calculated using
the Taylor series propagation of uncertainty. The resulting derived
uncertainty includes mass flow contribution, enthalpy sensitivity, ge-
ometry and thermal gradient effect. The total relative error can be
calculated using Eq. (10).

2 on g
) Dictinour) (Cp,z“T,) + (ﬁ)rua
+

( Tout hin ) (1 0)
2
u 1/2

<

sl )

Uy\2 u%w

(5
A (T, — T))?

For the propagation, the procedure described in detail in [21]
is used. The contribution of the impurity concentration to the total
uncertainty can be added in the final uncertainty, as it affects the
enthalpy calculation at both inlet and outlet conditions. Evaluating
the sensitivity (0h/dx y,)r p numerically via central differences in REF-
PROP at the nominal composition of 200 ppm N,, the contribution of
the uncertainty in the purity to the enthalpy uncertainty reads:

2

2 oh
(une)” = 2z <axN> ey, (11)
i€{in,out} 2/ T1.P

i ri

A conservative approach is taken and the error in xy, at the inlet
and the outlet are considered uncorrelated in Eq. (11). Total uncer-
tainties at different system conditions, resulting in the combination
of Egs. (10) and (11) are shown by means of error bars in Fig. 8. It
can be observed that, when far away from the pseudo-critical point
(calculated at inlet pressure) the uncertainty is less than 5%, however
when approaching that point it increased significantly.

Each set of operating conditions was measured twice. Each mea-
surement is averaged over 300 steady-state points. Fig. 7 shows heat
transfer coefficient data acquired in two independent repetitions exe-
cuted in different days. It can be noted that all differences are well
within the uncertainty.

To be noted, although not shown in the current manuscript, the
relative error in the pressure drop measurement between two sets of
measurements was less than 1% in cases at identical testing conditions.
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5. Results

In this work, the Widom line was determined from the ¢, maxima at
each system pressure using a second-order polynomial fit, and is used
throughout the analysis to identify the Widom line for each measure-
ment inlet condition. The fit was performed for the range 7.5-10 MPa
and the resulting equation was:

Ty(pi) = —248.74 + 9.13p,, — 0.22p7, (12)

where p;, is in MPa and T,, in degree Celsius.
5.1. Buoyancy effect

Fig. 9 compares the heat transfer coefficients obtained in the 1 mm
pipe under similar inlet conditions, obtained from two different loca-
tions: the top of the tube (TCO) and the side (TC90). As shown, all
differences are well within the measurement uncertainty. The largest
discrepancy between the measurements occurs at 7.5 MPa inlet pres-
sure, near the pseudo-critical point (between 320 and 340 kJ/kg bulk
enthalpy); and at 8.0 MPa, around 340 kJ/kg.

In supercritical flow, the threshold generally calculated for dis-
cerning between a buoyancy affected flow from one free of buoyancy
effects is the Richardson number or a modified version of it [34]. For
horizontal flows, flow conditions that satisfy Ri = Gr/Re’ < 1073
are said to be free of buoyancy effects. For the data in this article,
the Richardson number was marginally above that threshold (around
0.0032) in data points at 7.5 MPa and between h, = 320 — 340 kJ/kg.
The remaining data were always below that threshold, around 10~* at
8.0 MPa and 105 at 8.5 MPa.

However, as discussed previously, the uncertainty is higher at pres-
sures closer to the critical point and at temperatures near the pseudo-
critical region. In contrast, at higher pressures (8.5 MPa), no notice-
able difference was observed between the two measurement points.
Therefore, this differences observed at lower pressures could also be
attributed to measurement uncertainty and does not necessarily imply
a significant temperature difference.

5.2. Wall temperature profile

The wall temperature profiles shown in Fig. 10 exhibit a mild
curvature as the bulk enthalpy approaches the pseudo-critical value.
This behaviour originates from the strong thermophysical-property
gradients near the pseudo-critical region, where the rapid rise in heat
capacity reduces the rate of wall-temperature increase for a given heat
flux. Yamagata et al. [13] demonstrated that such property-driven
moderation of the wall temperature leads to a local enhancement in
heat transfer when buoyancy is weak. It can also be seen that the slope
of the bulk temperature evolution with enthalpy is very positive when
far away from the pseudo-critical point and it flattens as this point is
approached. This shows the increasing heat capacity at such conditions.
The difference between wall and bulk temperature decreases as the
temperature increases towards the pseudo-critical value, showcasing an
increasing heat transfer coefficient. This difference is smaller at lower
pressures.

A clear dependence of the wall-temperature evolution on the inlet
temperature is observed in all cases. This agrees with the findings
of Kline et al. [12], who showed that the axial shape of the wall-
temperature profile is highly sensitive to the inlet temperature even
when all other operating parameters are fixed. In the present data,
varying T;, shifts the point at which the wall crosses the pseudo-critical
region.

Unlike the behaviour reported by Kline et al. [12] at lower mass
fluxes, no temperature spikes or abrupt changes in slope were observed,
even for inlet temperatures closest to the pseudo-critical enthalpy. This
difference is attributed to the much higher mass flux used here G =
2130 kgm~2s~!, combined with the low heat flux ¢ = 35 kWm™2,
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Fig. 8. Uncertainty at different inlet pressure and temperature.

resulting in a ¢/G of only 14 J/kg. Under such conditions, the boundary
layer remains well mixed and Heat Transfer Deterioration (HTD) mech-
anisms are strongly suppressed, consistent with the trends reported by
Pioro [35] for high-Reynolds-number water experiments.

5.3. Heat transfer coefficient

From a physical standpoint, the heat transfer coefficient governs the
wall-bulk temperature difference for a given heat flux and therefore de-
termines the wall temperature T,,. In the present experiments, however,
the heat transfer coefficient is not measured directly, but derived from
the measured wall and bulk temperatures through Eq. (9). As a result,
variations in the heat transfer coefficient manifest experimentally as
variations in the wall-bulk temperature difference, even though the
underlying causality remains that the convective transport processes
determine a, and hence AT.

As discussed in Pedano-Medina et al. [21] and confirmed by the
uncertainty analysis shown in Fig. 8, the local heat transfer coefficient
becomes highly sensitive when the wall-bulk temperature difference
AT =T, — T, is small. In this regime, even modest variations in either
wall or bulk temperature result in large variations in the calculated heat
transfer coefficient. Although this sensitivity amplifies the apparent
scatter, clear and systematic trends are observed at all three pressures.
Fig. 11 shows the evolution of the local heat transfer coefficient as a
function of bulk enthalpy for all operating conditions investigated in
this work. It can be seen that when the temperature is on the left of
the pseudo-critical, all datapoints converge towards similar values. As
the pseudo-critical temperature is approached, the trends diverge.

Indeed, at conditions far from the pseudo-critical point, the heat
transfer coefficient remained nearly constant at approximately
10 kWm~2K~! along the pipe for all system pressures. As the bulk
enthalpy increased towards 300 kJkg~!, the heat transfer coefficient
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Fig. 9. Comparison between the heat transfer coefficients obtained at the top (TCO) and middle generatrix (TC90) of the pipe at several inlet conditions.

began to rise, reaching a local maximum with larger magnitude at
lower pressures. This peak occurred when the wall temperature crossed
the pseudo-critical temperature. A similar local maximum was ob-
served at all system pressures as the bulk enthalpy approached the
pseudo-critical value.

As the inlet temperature increased further, a new heat transfer
coefficient profile appeared, showing two local peaks forming an M-
shape. This behaviour is similar to that reported by Wang et al. [9],
although their heat transfer coefficients were lower due to the lower
mass flow rate (0.6 gs~!) and significantly higher heat fluxes. Very
similar trends were shown by Wang et al. [27] in a 4.6 mm inner
diameter pipe. In the current work, the overall shape remained similar
for all cases with inlet temperature above 30 °C, although the slope
changed in some cases. When the inlet temperature was slightly below
the pseudo-critical and the pressure was 8.5 MPa, the heat transfer
coefficient remained nearly constant, mirroring the trend of the specific
heat capacity at that pressure.

When the flow entered the test section at the pseudo-critical temper-
ature, the evolution of the heat transfer coefficient with enthalpy was
negative. Heat transfer coefficient data resemble the evolution of the
specific heat capacity, increasing before the pseudo-critical temperature
and decreasing afterwards. However, the M-shaped profile appeared
when both the wall and the bulk crossed the pseudo-critical values.
This local increase in the heat transfer coefficient could be due to
flow acceleration caused by bulk density decrease. The acceleration
parameter Ac, was calculated as per Jackson’s definition [14] as shown
in Eq. (13):

-5 13
Acy = Re})'(’ZSPrb’ 13)
where

D
g,= 10D (14)

Ap

The value Ac, ranged between 0.5 x 107* and 2 x 10~%, above the
4 % 107° threshold proposed by Jackson and Hall [25], indicating that
bulk flow acceleration affects the Nusselt number in the data presented.
However, the classical acceleration parameter K = 12:—)”( ~ 1078 [36]
was below the relaminarization threshold of 3 x 107°, suggesting that
although acceleration modifies the heat transfer, it is not sufficient to
relaminarize the flow. The M-shaped profile could be caused by the
combined effect of density and heat capacity.

Finally, the effect of pressure is clear across all data points: as
pressure increases from 7.5 to 8.5 MPa, the highest convective heat
transfer coefficient attainable decreases and shifts towards higher bulk
enthalpy values. Despite the variations in magnitude, all pressures
exhibit a similar qualitative trend. Other authors observed no effect
from operating pressure at higher ¢/G [10], however in this present
case the heating is moderate for the high mass flux, thus allows the
influence of pressure to be observed.

5.4. Correlations

Six correlations are evaluated in this study: Petukhov’s theoret-
ically derived correlation (P) [31], the empirical Krasnoshchekov—
Kuraeva-Protopopov® (from now on, the KKP) correlation [24], the
empirical correlations by Wang et al. [9] (W) and Guo et al. [10] (G),
developed for small pipes in horizontal flow, and two correlations by
Jackson [26]. Their expressions and applicability ranges are summa-
rized in Table 1. Reynolds numbers for the experimental tests ranged
from 10* to 10°.

Fig. 13 shows the comparison between experimental and predicted
heat transfer coefficients, where the dashed lines represent +20%

5 In the literature, this correlation is usually referred to as Krasnoschekov—
Protopopov, however the article from 1969 has 1.V. Kuraeva as the second
author.
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Fig. 10. Local wall (T,,;(h,;), dotted line) and bulk (T} (h,), solid line) temperature profiles versus the bulk enthalpy (4,) for all operating conditions. Q,;,
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calculated Q. Left = 7.5 MPa, centre = 8.0 MPa, right = 8.5 MPa. The dashed lines represent the pseudo-critical values of each variable, calculated at the inlet

pressure.

ranges. In general, the KKP correlation performs best at the present
conditions, with approximately 85% of the data falling within +20%.
The Petukhov correlation tends to systematically overpredict the heat
transfer coefficient. In the latter, 63% of the data fell within +20%.
This discrepancy arises because the Petukhov formulation assumes
radially homogeneous properties evaluated at the bulk temperature and
therefore cannot account for the steep radial variations occurring near
the pseudo-critical region. The evaluation of the properties assuming a
uniform bulk profile does not consider the physics behind supercritical
flows and therefore ignores the different physical state that the wall and
bulk are in. Due to the sharp proportionality of the Nusselt number to
the Prandtl number in this correlation, the Prandtl number increases
sharply when the pseudocritical temperature is approached and drives
the predicted result, thus overestimating performance by ignoring the
insulating effect of the low-density wall layer.

10

The KKP correlation, in turn, introduces a correction to the Petukhov
formulation via the property ratios (c,/c,;)" and p,,/p,, intended to
account for those radial variations. ¢, is the radially-averaged heat
capacity, calculated as shown in Table 1. These allow the correlation
to capture part of the enhancement near the pseudo-critical point. At
7.5 MPa, where the pseudo-critical ¢, peak is especially sharp, the
correlation reproduces a mild increase that qualitatively resembles
the first peak observed in the experimental heat transfer coefficient.
However, it fails to fully reproduce the local peak in heat transfer
coefficient. Fig. 14 shows three representative cases at 35 kWm~2
and G = 2130 kgm=2 s~1. At 7.5 MPa, Petukhov overpredicts the
experimental data and KKP captures well the qualitative trend near the
pseudo-critical enthalpy, however does underpredict the local peak in
heat transfer coefficient. At 8 MPa and 8.5 MPa, similar behaviours are
observed, however the Petukhov correlation seems to reach a better
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Fig. 13. Comparison between experimental and predicted heat transfer coefficients («) for all tested correlations. The dashed lines indicate a +20% error band.
Performance metrics for each model are provided in the individual titles, including the percentage of data within the +20% range, Mean Absolute Error (MAE),
and Bias. (a) Petukhov (P), (b) Krasnoshchekov-Kuraeva-Protopopov (KKP), (c¢) Jackson and Hall (JH), (d) Wang et al. (W), (e) Jackson and Fewster (JF), and

) Guo et al. (G).

result than at 7.5 MPa. This highlights the sensitivity of the correlation
to the peak in Prandtl number, which is much sharper at 7.5 MPa.

Fig. 12 illustrates the variation of the radially averaged heat ca-
pacity. It can be seen that at 7.5 MPa, the ¢, peaks sharply near
the pseudo-critical enthalpy, driving the predicted local peak. At 80
and 8.5 MPa, the peak becomes progressively weaker and broader
(and decreases more linearly with enthalpy), reducing the correction
magnitude. The exponent n of the correlation is rather constant with
pressure and totals around 0.4 for the present dataset. At higher 7,,/T,,,
the coefficient increases. In addition, the density ratio sees a local
minimum in the vicinity of the pseudocritical temperature at 7.5 MPa,
and further allows the model to predict the behaviour.
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The W correlation only predicted 3% of the data within 20%.
Although most conditions satisfy the applicability requirements, heat
fluxes in this study are lower. Even if the heat flux influence may
be partially captured through the averaged specific heat ratio, the
correlation under predicts nearly all the experimental data. This is
explained by the significantly lower heat flux in this case.

The Guo correlation failed to predict any data point and system-
atically overpredicted the heat transfer coefficient across all cases.
This behaviour could be partially attributed to the Richardson num-
ber correction term (Gr/Re?)~%12%: with Richardson numbers between
10°—1073 in the present dataset, the negative exponent increases
the magnitude of the correction in Nu. This makes sense, as the G
correlation was developed for lower mass velocities than in the present
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study. In addition, the Prandtl number enhancement is observed in
the parity plot, as the result also seems unstable at conditions of high
experimental heat transfer coefficient.

Further, the Jackson and Hall (JH) correlation [25] predicted 22%
of the data within 20%. Since the data presented lay outside of the
applicability requirements, this is not a surprising result. To begin with,
Jackson correlation is developed for larger Reynolds numbers. The
data for higher enthalpy are the only ones satisfying the condition at
Reynolds of about 80 000. The most restrictive applicability condition,
however, is the density ratio. A p,,/p, between 0.9 and 1 implies very
mild property variation along the diameter, achievable with extremely
low ¢/G. In this study, p,,/p, sat below 0.9 at most cases. The cor-
relation systematically overpredicts the majority of the data, probably
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because of the term Pr®3 being large near the pseudo-critical point and
also at the vicinity of the pseudo-critical point.

Finally, the simplified correlation of Jackson and Fewster [26] (JF)
predicted more data (59%) than the longer version (JH, 22%). In
principle, this correlation is a variation of the Dittus—Boelter correlation
with a radial density correction, which means that at points where
density ratios are not very low and Pr is moderate (at conditions
that resemble more a Normal Heat Transfer regime), the correlation
behaves just like Dittus—Boelter and predicts well. When Pr becomes
large, it dominates the value of Nusselt and shoots the final result
up. What is interesting is to see that ¢,, which physically accounts for
the asymmetry of enthalpy transport across the cross-section, actually
worsens the overall prediction for this dataset. Close to the pseudo-
critical point, the ratio is large due to small temperature differences
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for a given enthalpy difference; while at high enthalpy values the ratio
falls to below 1 and reduces the predicted value. Finally, can be seen
that the correlation seems unstable at high values of experimental
heat transfer coefficient due to visible scatter, while the JH correlation
remains contained, although over predicting.

The success rates within +20% and their associated 95% binomial
confidence intervals, computed over 60 independent cases (15 cases
x 4 experimental runs), are as follows: KKP achieved 85% (95% CI:
73%-93%), Petukhov 63% (95% CI: 50%-75%), JF 59% (95% CL:
45%-71%), JH 22% (95% CI: 12%-34%), W 3% (95% CI: 0%-11%)
and G 0%.

5.5. Pressure drop and temperature increase

A final consideration in this dataset in order to characterize the
physical mechanisms and the cooling performance at the conditions
tested has been the overall pressure drop (4p) and temperature increase
between inlet and outlet of the test section (4T;, ). The results at the
testing conditions corresponding to this study are shown in Fig. 15.

The figure shows that the pressure drop increases exponentially
when approaching the pseudocritical temperature. As seen in Eq. (5),
the frictional pressure drop along a pipe is proportional to the square
of the fluid velocity. As can be seen in Fig. 1 and was discussed in
Section 1, density drops sharply at the vicinity of the pseudo-critical
point and the fluid resembles a gas more than a liquid. This means
that for a constant mass flux, the corresponding fluid velocity will be
much larger for a smaller density, and therefore the Ap will respond
accordingly. On the other hand, the behaviour of the ATy, o is dif-
ferent, as it is consequence of the heat capacity. It decreases linearly
with inlet temperature at a given pressure and reaches a plateau (as
can be seen for the data at 8.5 MPa) when approaching the pseudo-
critical temperature. In view of the heat capacity trend when surpassing
the pseudo-critical point, one would expect that the trend of AT, ,, is
inverted if the fluid kept being heated, thus forming a U shape.

In summary, the opposing trends observed in 4p and ATj, ., high-
light the inherent trade-off between hydraulics and thermal perfor-
mance when designing a cooling system. While the higher heat capacity
in this regime leads to enhanced thermal effectiveness — lower temper-
ature increase along the pipe - it simultaneously results in an increase
of pressure drop. However, the relative importance of each aspect
will depend on the application itself. For instance, in certain systems,
pressure drop might be a limitation — as it is for low-pressure systems —
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whereas for others the minimization of the temperature increase could
be the main aspect to consider. The following section shows how this
trade-off becomes particularly relevant when alternative coolants, such
as water, are considered.

Finally, in the present data, the acceleration contribution to the
total pressure drop accounted for a maximum of 4% and increased
as the pseudo-critical temperature was approached at every operating
pressure.

5.6. Comparison with water

The only natural coolant that we consider in comparison with
carbon dioxide in electronics cooling is water. Others, like ammonia
and hydrocarbons, are toxic and/or flammable and therefore present
undesirable safety concerns in with systems where electrical current is
present. A major advantage of carbon dioxide with respect to water
is its non conductive nature. However, the use of water as a default
thermal management fluid in Direct Liquid Cooling applications for
data centres [37] and other electronics [38] is a reality despite its
disadvantages when dealing with small pipes and moderate heat fluxes.
To illustrate this, a comparison analysis is performed comparing the
flow of water that would be needed to achieve similar conditions as
those obtained with carbon dioxide under the present conditions. The
ATy, oy Was fixed to similar values obtained experimentally with sCO,
in the present work and the necessary mass flow to absorb 100 W was
calculated using Eq. (15), assuming a constant heat capacity of 4.18 kJ
kg~! K1 for water.

Q = meATin,out 15)

The corresponding pressure drop (in bar m~1) was calculated using
Eq. (5). The results are shown in Fig. 16. It can be seen that a flow of
2 gs~! would be the minimum required of water, which would imply
a AT;, o Of 12 K. This is quite higher than most of the values achieved
with sCO,.

At these conditions, Re would sit around 3500, corresponding to
a transitional flow. Even considering water flow as fully developed
turbulent, the heat transfer coefficient would be 10 kW m~2 K~1. This is
below the minimum values attained with sCO,, about 30 kWm=2 K1
at the present testing conditions.

In order to further decrease AT, o, the mass flow would have to
be increased. Consequently, the pressure drop would increase exponen-
tially with the mass flow. Analyses of this type showcase the difficulties
of using water in small diameter channels for cooling. Carbon dioxide
could offer a valuable alternative in conditions that demand the use of
small pipes, although parameters like the cycle efficiency and overall
performance are still to be studied in depth.

6. Conclusions

The present data lie in conditions with low heat flux and high
Reynolds numbers, where buoyancy and HTD effects are expected to
be weaker than in most published studies. Large increases in wall
temperature were not observed in the conditions tested: 1 mm pipe,
heat flux of 35 kW m~2 and mass flux of 2130 kgm~2 s~! and pressures
ranging from 7.5 to 8.5 MPa. This regime is of practical interest for
electronics cooling, yet poorly documented in the literature.

The heat transfer coefficients obtained covered a wide range-
10 kWm=2K~! up to 60 kWm~2K1-and a clear effect of the physical
properties at the pseudo-critical point was observed in the dataset. A
first peak in the heat transfer coefficient was observed as the wall fluid
approached the pseudo-critical temperature, while a second one was
identified in cases where the bulk fluid also surpassed the pseudo-
critical enthalpy within the heated area. Wall and bulk temperature
profiles were provided, showing that no sudden peaks were observed,
demonstrating lack of HTD. The temperature increase along the pipe
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and pressure drops were also reported in this study, and their eval-
uation for the use of sCO, was discussed. A calculation of the local
pressure profile along the pipe using the Haaland correlation for the
friction factor yielded a maximum of 6% error in the pressure drop
calculation, when compared to the measured value. Finally, a number
of correlations were applied and their applicability was evaluated,
showing that the Krasnoschekov-Kuraeva—Propotopov correlation pre-
dicted 85% of the data within 20% error. Other correlations that did not
account on the radial property distribution significantly overpredicted
the heat transfer coefficient.

The data presented here are of great value for the future of elec-
tronics cooling using sCO, and offer a benchmark for the applicability
of turbulent correlations to sCO, systems. Additional data in an ex-
panded range of parameters are paramount in order to develop a more
generalized model.

While two-phase CO, cooling might be the most promising solution
for future high-power microelectronics requiring high temperature sta-
bility, the present results demonstrate that supercritical CO, can offer
an attractive and robust alternative for operation at warmer temper-
ature levels. This study expands the range of operating conditions for
next-generation electronics cooling where thermal performance, system
simplicity and operational stability must be simultaneously addressed.
Further, rather than representing competing approaches, two-phase and
sCO, cooling should be regarded as complementary regimes of a single
working fluid. They offer the possibility of covering an exceptionally
wide range of operating temperatures, from the triple point of CO, up
to approximately 45 °C. This work contributes to bridging this gap and
presents CO, as a versatile cooling solution for future microelectronics
and detector systems.

Finally, under the conditions evaluated in this work, carbon dioxide
showed clear advantages over water as a coolant for electronics cooling
applications in regards to its local performance. Further evaluation of
system considerations and cycle assessment remain a pending task in
the field in order to provide comprehensive analyses on their respective
performance.
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Nomenclature
A Area (m?2)
Ac Acceleration parameter (-)
¢, Isobaric specific heat capacity (Jkg=! K~1)
D Tube diameter (m)
E Thermal expansion parameter (-)
f Darcy friction factor (-)
g Gravitational acceleration (ms=2)
G Mass flux (kg m2s1)
Gr Grashof number (-)
h Specific enthalpy (Jkg=1)
L Tube length (m)
W Mass flow rate (kgs—! or gs~1)
Nu Nusselt number (-)
p Pressure (bar)
Pr Prandtl number (-)

15

International Journal of Heat and Mass Transfer 266 (2026) 128840

q Heat flux (kWm=2 or Wm™2)
0 Heat flow rate (W)
Re Reynolds number (-)

Ri Richardson number (-)
T Temperature (°C)

v Mean velocity (ms~1)
z Axial coordinate (m)

Greek symbols

a Heat transfer coefficient (’*"Wm2K~! or Wm~2K™1)
B Thermal expansion coefficient (K~!)
Ap Pressure drop (bar)

Temperature difference (K or °C)
p) Thermal conductivity (Wm~! K-1)
u Dynamic viscosity (Pas)

P Density (kgm™3)

& Petukhov friction factor term (-)
¢ Diameter ratio (-)

Subscripts

abs Absorbed

avg Averaged

b Bulk

cr Critical

exp Experimental

f Fluid

i Inner

in Inlet

out Outlet

o Outer

m Pseudo-critical

R Reduced

w Wall

z Axial position

Abbreviations

CI Confidence Interval

DLC Direct Liquid Cooling

KKP Normal Heat Transfer

HEP High Energy Physics
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