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ARTICLE INFO ABSTRACT

Keywords: Carbon dioxide is a cost-effective, reliable and environmentally-friendly refrigerant with increasing employ-
Boiling CO, ment in evaporator design. A clear understanding of the underlying flow physics, coupled with robust
Two-phase flow prediction of phase change through boiling, is necessary to enable widespread uptake of CO, as a coolant.
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In scenarios such as nuclear reactors or thermal management in silicon detectors (e.g., Large Hadron Collider
at CERN), employing saturated CO, in milliscale pipes introduces further uncertainties in the design process,
particularly regarding its behaviour at high vapour quality. During the phase change process, the fluid exhibits
an abrupt decrease in the heat transfer coefficient. Such a condition, known as the onset of dryout, can lead
to potentially catastrophic overheating. Two opposing behaviours are observed in the available literature
concerned with the onset of dryout, coined in this study as the 6~ and 6* regimes. The 6~ regime exhibits
decreasing dryout vapour quality with mass flux, while the §* regime, which is more relevant to CO, in
millichannels, yields an increasing dryout vapour quality with mass flux. A detailed experimental campaign
was conducted at CERN providing unprecedented insight into the phenomena resulting in the inception of
dryout. A new theoretical model based on small perturbation theory was developed to accurately predict
the dryout phase in the §* regime. This study provides general theory to predict dryout, which is validated
with specifically-acquired data and the wider literature; to the authors’ knowledge all comparable theories
fail to extend their applicability beyond the proposers own datasets. Our new theory is independent from
the saturation temperature and heat flux, enabling future investigations to be conducted at a single value of
the aforementioned quantities, while permitting extrapolation of the trends to a general parameter set. This
unique versatility provides a new framework for the design of carbon-dioxide evaporators with novel cooling
architectures.

1. Introduction density. For specifics regarding the Compact Muon Solenoid (CMS) and
Atlas detectors, refer to [2,3] respectively. These upgrades target im-

In recent years, boiling CO, has been increasingly employed as a proved performance under increased radiation levels and advancements
refrigerant. As highlighted in [1], boiling CO, offers numerous advan- in data response rate and resolution. The consequence of these upgrades
tages over synthetic refrigerants. Its cost-effectiveness, reliability, and is an amplified electrical power installation, resulting in increased

minimal Global Warming Potential render CO, an environmentally- thermal dissipation. Consequently, a more effective thermal manage-
friendly fluid. The high working pressure and low liquid/vapour den-
sity ratio of CO, make it well-suited for efficient heat exchange in
milliscale diameter pipes and for saturation temperatures (T,,) in the
—40/ — 10 °C. Additionally, its non-toxic, non-combustible, and non-
corrosive properties are pivotal for safety considerations. Furthermore,
its resistance to radiation makes it an ideal candidate for cooling
applications in particle physics detectors.

Research at the Large Hadron Collider (LHC) at CERN demands
ongoing upgrades of electronic components, such as intricately layered
silicon Detectors, necessitated by a persistent rise in Hadron beam

ment strategy for detector cooling becomes imperative. Furthermore,
for silicon detectors, continuous operational thermal management is
essential within a temperature range spanning +15°C to —30°C or
lower.

Due to its aforementioned benefits, boiling CO, is typically em-
ployed as a refrigerant in LHC heat exchangers, particularly in the
intricate channel network of the secondary circuit, a feature highlighted
in [4]. In the context of CMS design, this arrangement poses geometric
constraints. The behaviour of two-phase CO, within such microchannel

* Corresponding author at: Department of Mechanical Engineering, University of Bath, Claverton Down, Bath, BA2 7AY, Bath, United Kingdom.
E-mail address: gc803@bath.ac.uk (G. Cantini).

https://doi.org/10.1016/j.ijheatmasstransfer.2025.127299

Received 10 February 2025; Received in revised form 29 April 2025; Accepted 23 May 2025

Available online 20 June 2025

0017-9310/© 2025 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://www.elsevier.com/locate/hmt
https://www.elsevier.com/locate/hmt
https://orcid.org/0009-0003-4300-401X
https://orcid.org/0000-0003-2859-9302
https://orcid.org/0000-0003-2956-6238
https://orcid.org/0000-0001-8099-7311
mailto:gc803@bath.ac.uk
https://doi.org/10.1016/j.ijheatmasstransfer.2025.127299
https://doi.org/10.1016/j.ijheatmasstransfer.2025.127299
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijheatmasstransfer.2025.127299&domain=pdf
http://creativecommons.org/licenses/by/4.0/

G. Cantini et al.

International Journal of Heat and Mass Transfer 251 (2025) 127299

Dryoit Inception

..~$° .. Q. S Do o 'Qo . o o® J..:.. o0
a) ".!:'.'..%‘.  e— { '_. ) Qees * teet T Ve,
\‘\\\\\\\\\\\\\\\\\\\\\\\ > : S 3 > S
. Bubbly fl | Slug fl I Annularflow;  Mist flow
HTC T ubbly flow ug flow :
|
1
:
1
1
1
1
1 >
Nucleate boiling dominance X

B

Dryout Inception

o) [ S )t ikl

T (]

HITG

Annular flow

v
4
A

: Mist flow

/

v

Convective boiling dominance X

Fig. 1. Two phase flow patterns and qualitative trend of heat transfer coefficient (HTC) for: (a) nucleate boiling dominated heat transfer; (b) convective boiling dominated heat

transfer.

networks presents a challenge due to the combined impact of buoyancy
and surface tension.

Two-phase flows such as boiling CO,, exhibit a range of flow
patterns and fluid dynamic phenomena at the vapour-liquid interface,
illustrated in Fig. 1. These different patterns dictate fluid mechanic and
thermodynamic behaviour, characterised by interaction mechanisms
such as buoyancy, surface tension, heat and mass transfer. Understand-
ing these mechanisms is crucial when evaluating pressure drop and
Heat Transfer Coefficients (HTCs) within the microchannels.

The transition between annular and mist flow patterns is of partic-
ular importance for systems like nuclear reactors and silicon Detectors.
Annular flow features a continuous interface separating the liquid and
vapour phases, leading to high HTCs and pressure drops. Conversely,
mist flow involves the dispersion of liquid droplets in the vapour phase,
resulting in lower HTC and pressure drop due to reduced thermal
conductivity and viscosity. For more details on two-phase flow patterns,
refer to [5]. Loss of contact between the heated wall and liquid film
reduces heat transfer efficiency, potentially resulting in catastrophic
consequences like surface melting, as noted in [6]; this condition is
known as “dryout”.

Heat transfer in two-phase flows operates via two distinct mecha-
nisms: nucleate and convective boiling. The mechanisms are described
in [7] and shown schematically in Fig. 1. Nucleate boiling is dominant
at low vapour qualities (x) where a broadly constant HTC is observed;

nucleate boiling is independent of mass flux. Elevated saturation tem-
peratures augment nucleate boiling due to reduced surface tension
and latent heat. The relative importance of convective boiling heavily
relies on mass flux and vapour quality. At constant mass flux, lower
saturation conditions correlate with increased flow velocity (lower
density), thereby enhancing heat transfer.

To account for the relative contribution of heat transfer mecha-
nisms, [8] propose three contiguous thermal regimes dependent on
vapour quality and the Boiling number Bo = ¢/(h,, D):

» Low vapour quality (x < 0.1): where nucleate boiling dominates.

* High vapour quality (x > 0.1) and Bo > 1.1 x 10™*: where
both mechanisms (nucleate and convective boiling) significantly
contribute.

* High vapour quality (x > 0.1) and Bo < 1.1 x 10™*: where
convective boiling dominates.

The evaluation of vapour quality at the onset of dryout (x,,,) is
pivotal when designing cooling systems; the subsequent reduction in
HTC influences pressure drops. [9] identified two theoretical trends in
CO, dryout vapour quality based on mass flux. The two regimes are
coined 6% and 6~ by the current authors and are defined henceforth as:
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+ &% Regime: x,,, increases with rising mass flux G, 0;‘(’;” > 0. Al-
though less frequently observed in the literature, some instances
of this behaviour are documented in [8,10].

+ &~ Regime: x,,, decreases with increasing mass flux G, % <
0. This regime is widely reported in the literature and informs

typical flow pattern maps in the field, typified by [11,12].

The flow pattern map proposed by [12] is considered the most robust
for CO, but represents solely Regime 6~ behaviour; correlations in-
formed by the 6~ regime will result in an underestimation of x,,, when
Regime 6% behaviour is present. The transition mechanism between the
two behaviours is not yet understood.

To determine whether behaviour is in accordance with the &~
regime or §* regime [10] define a transition mass flux G,,,,, whereby
x4,y exhibits 6* behaviour for G > G,,,,,. However, their experimental
campaign with 1 mm diameters did not confirm the validity of the G
hypothesis.

Revellin et al. [9] proposed a phenomenological model based on a
system of differential equations (continuity, momentum, energy, and
Young-Laplace equation) for liquid and vapour phases. They establish
the transition criterion by detecting Kelvin-Helmoltz instabilities at the
liquid-vapour interface. This model computes the transition mass flux
mentioned by [10] under the assumption that the transition occurs at
a threshold value of the liquid-film Reynolds number.

The model proposed by [9] disregards the wall heat flux; how-
ever, an experimental study conducted by [8] established an empirical
correlation for x,,, on a 0.5 mm internal diameter pipe, highlighting
the relative importance of the wall heat flux in the §* regime. More-
over, [8]’s findings do not confirm the threshold transitional mass flux
proposed by [10].

Kim and Mudawar [7] present a purportedly general correlation
based on an extensive experimental database, concerned with a variety
of pipe diameters, fluid properties and saturation conditions. This
correlation was refined by [13] using machine-learning optimisation
techniques.

It is crucial to differentiate between these approaches: while [9]
offer a physically-informed explanation for the phenomenon, they over-
look wall heat flux. Conversely, data-driven correlations like those
by [7,8], and [13] are uninformed by the underlying flow physics.

Importantly, all theoretical approaches presented in the open liter-
ature fail to model the compound effects of all contributing physical
parameters, as stressed by [14].

Morse et al. [15] conducted an experimental investigation of the
dryout phenomenon and developed a theoretical model based on the
frequency of de-wetting and re-wetting of the pipe wall. The campaign
focussed on the 6~ regime demonstrated reasonable agreement with
experimental data.

This study presents a stability analysis of the liquid-vapour interface
in annular flow, governing the behaviour in the §* regime and reveals
that x,,, is driven by the Bo/We ratio. An extensive experimental
assessment of HTC and x,,,,, for boiling CO, in a 1 mm internal diameter
pipe is reported and a novel correlation is proposed; the robustness
of the new modelling approach is demonstrated through comparison
with the [8] data. The new theory is independent from the saturation
temperature and heat flux, providing a versatile framework for the
design of carbon-dioxide evaporators with novel cooling architectures.

trans

2. Experimental facility

The CERN experimental facility comprises of two interconnected
sub-systems: a stand-alone refrigeration system and a millichannel
cooling loop; the latter is encapsulated within a vacuum chamber. In
the interest of brevity, only a brief description of the test facility is
presented here; the interested reader is directed to [16,17] for further
details, including preliminary validation of the experimental setup with
single-phase flow.
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The stand-alone refrigeration system is a derivative of the 2PACL
system developed by CERN and reported in [18,19]. The refrigeration
system is comprised of primary and secondary circuits, as shown in
Fig. 2a; the experimental test circuit is described separately below. The
primary circuit employs an external R404 A chiller to condense the
CO, in the secondary circuit through a single-pass heat exchanger.
The condensed CO, then passes through a valve and undergoes an
isenthalpic transformation prior to entry into the test section, as shown
in Fig. 2b. Pressure and temperature are regulated within the circuit
using a two-phase accumulator. The refrigeration system is designed to
deliver saturated liquid at various saturation temperatures in a range
between —25 °C to 20 °C. The flow then circulates through the test
section and returns in a post-evaporative, single vapour phase to the
secondary refrigerant circuit.

The test circuit is housed within a vacuum vessel, ensuring thermal
isolation from the laboratory and near-adiabatic test conditions. The
saturation temperature and static pressure of the flow in the test circuit
is monitored at six locations (denoted MP1 to MP6 in Fig. 2b). Resis-
tance thermometers (RTD, PT100, 4-wire configuration) were used to
assess saturation temperature; an absolute pressure transducer(General
Electrics UNIK 5000) is installed outside the vessel for an accurate de-
termination of the absolute pressure. Once the fluid enters the vacuum
vessel the first measurement location (MP1) is used to verify that the
appropriate fluid properties are supplied to the test circuit.

The working fluid subsequently passes through an electric pre-
heater (VISHAY RPS500); isothermal heating is ensured by mounting
the heater onto a copper block through which passes a coiled fluid
conduit. The pre-heater is used to control the vapour quality at the inlet
of the test section, as follows:

Y

Xiy = iy @
where Q is the power input to the heater (J/s), i is the mass flow rate
(kg/s) and h,, is the latent heat (J/kg). Immediately downstream of the
heater, temperature and pressure are assessed at MP3 to ensure that the
appropriate test condition has been reached before the fluid enters the
actual test section. An orifice is installed upstream of the test section
to promote pressure uniformity at the inflow boundary; experiments in
the absence of an orifice demonstrated consistent qualitative trends in
the results, albeit with larger pressure fluctuations at the inlet.

Fast-response K-type thermocouples are used to asses the axial
distribution of wall temperature along the test section. Contact between
the thermocouple beads and the outer surface of the millichannel is
ensured by compressing the hot-junction under a stainless steel bush
within a specifically-designed Tufnol clamp, as shown in Fig. 3. The
thermocouples were calibrated against a Platinum standard reference
thermometer (Fluke, HART 5626-12) to an accuracy of +/-0.1° C.
Twelve thermocouples were spaced equidistantly along the test spec-
imen. Three equispaced copper electrodes (identified on Fig. 2b) are
used to impart a constant heat flux to the test specimen using the Joule
effect; the two anodes are connected to the pipe extremities and the
cathode is located in the centre of the test section. The effective length
used to calculate the heat input required is 180 mm for a 1 mm pipe
bore. The heat power produced by Joule effect was controlled by a
resistive circuit (also known as resistive heating) W), = RI 2, where T
is the electric current (in Amperes), R is the resistance (in Ohms). The
heat flux ¢ is calculated as the ratio between the provided heat W,,,,
and the wall surface:
g= I/Vjaule (2)

zD in Lheated

Once located inside the vacuum vessel, the twelve clamped ther-
mocouples were assessed for contact efficacy. The creation of a vac-
uum can lead to high thermocouple yield where the bead becomes
unattached from the pipe surface. It is widely reported in the literature
that the HTC is independent of vapour quality as x — 0 (e.g. [8]);
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Fig. 2. Schematics of the experimental facility: (a) the 2PACL refrigerant system; (b) the test section.
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Fig. 4. Assessment of thermocouple yield within a vacuum environment; the symbols represent the measured HTCs for an example test case (G = 800 kg/m?’s, T,,, = 0°C and ¢
= 30 kW/m?), the green line is the average HTC and the red shaded regions indicate measured data that falls outside of one standard deviation from the mean.

the test cases without pre-heating (i.e. x — 0) were used to identify
thermocouples with a systematic error greater than the root-mean
square of the measured data set. An example of this procedure is shown
in Fig. 4, where the thermocouple yield for this condition was 33% (i.e.
four out of twelve thermocouples were discarded).

Once the fluid exits the test section at MP4, the pressure drop is
determined between the inlet and the outlet using a differential pres-
sure transducer (Endress+Hauser, DeltabarM PMD75B). A Coriolis flow
meter (Rheonik, RHMO15) is used to assess the mass flow-rate within
the test circuit, acquired at a downstream location once complete
vaporisation of the flow has occurred.

The experimental campaign comprises three different saturation
temperatures, four different mass fluxes and two different heat fluxes.
For each test condition the inlet vapour quality is conditioned by the
pre-heater until the dryout condition is reached. The onset of dryout
is indicated by a sudden increase of the measured wall temperature.
All test cases are shown in Table 1, with those cases in red identifying
the presence of a condition where both nucleate and convective boiling
significantly contribute, as suggested by [8].

3. Results and discussion

The vapour quality, x, is evaluated at each axial coordinate, z,
considering the conservation of energy:

4q

4 3
GDihy - 3

x(z) = x;, +
where G is the mass flux and 4, is the latent heat. The local heat trans-
fer coefficient (HTC) is evaluated based on temperature measurements
from spatially-resolute thermocouple installations, as follows:

q

HTC() = Too(2) — Touy(z) — AT,

4

T,,(z) and T,,(z) are the measured outer wall temperature and the
fluid temperature at location z, respectively. A linear decrease in
pressure between MP3 and MP4 is assumed; accordingly the saturation
temperature T,,(z) falls with axial distance from the pipe inlet. AT, is
the temperature difference between the external and internal wall of
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Table 1
Test matrix.
T, =-15°C T, =0°C T, =15°C
kW kw kW kW kW W
1= 4=3075¢ 9=5 4=3075¢ 4=55% 9=3005¢
500 500 500 500 500 500
G[k—g] 800 800 800 800 800 800
m?s 1200 1200 1200 1200 1200 1200
2000 2000 2000 2000 2000 2000
Table 2
Measurement equipment uncertainties.
Measurement Device Calibration range Uncertainty
AP Diff. press. trans 0-3 bar +-0.005% of FS
P, Abs. press. trans. 0-100 bar +-0.04% of FS
P, Abs. press. trans. 0-100 bar +-0.04% of FS
P, Abs. press. trans. 0-100 bar +-0.04% of FS
P Vacuum gauge 5E-9-1000 mbar +-30% of reading
T 6 RTDPt100 —200 to 600 °C +-(0.15+0.002[T]) °C
Toant TC K-type (calibr.) —50 to 250 °C +-0.2 °C
m Coriolis MFM 1 0.03-0.6 kg/min +-0.2% of reading
m Coriolis MFM 2 12-600 g/h +-0.2% of reading+0.5g/h
V outeH eater Joule heater: volt meter 0-18 V +-0.2% +1 digit
A JouteHeater Joule heater: ampere meter 0-20 A +-0.5% +1 digit
VoreHeater Pre-heater: volt meter 0-18 V +-0.2% +1 digit
Ao Heater Pre-heater: ampere meter 0-20 A +-0.5% +1 digit

the pipe and it is calculated assuming steady conductive heat transfer:

AT, = qD; ®(1—Ind)—1
4hgs -
where @ = D,/D;, Agg = 144 W/mK (thermal conductivity of stainless
steel) and D; and D, are the inner and outer diameter of the pipe,
respectively. A steady state conduction does not take into account the
production of heat within the pipe and unsteadiness in heat transfer.
However, the high thermal conductivity, the small thickness of the wall
and the fact that only averaged quantities are considered make both
negligible. The error in the calculation of HTC is obtained through
uncertainty propagation (the interested reader can find further details
in [20]). Given a quantity, Y, depending on N different measured

)

quantities, x;, the variance of Y(x, ..., xy) is expressed as
N 2
oY (X, ..., Xp)
2 1 N 2
- b 7NS 6
°r Z; < 0x; ) % ©
Applying the uncertainty quantification to Eq. (4) yields
2
oprc\?_ % [ HTC? ( , 2 2
( HTC) - q_z + P (GTw.u tor, t O-ATw) @
where
2 42 2( 62 o2
D; D; ®(@—-Ind -1 D, D;
o2, =ATA| L+ — +<—q’—( z )) —+—=1 (8
2 D? diss (1 -d)? D2 p?

From Eq. (7) it is apparent how the relative error in HTC is proportional
to its magnitude, explaining the high data scattering observed at high
HTC conditions.

Table 2 reports the uncertainty and calibration range for each
measurement device.

3.1. Influence of mass flux on the heat transfer coefficient

The distribution of HTC as a function of the vapour quality, x,
is shown in Figs. 5 and 6, for ¢ = 30 kW/m? and ¢ = 5 kW/m?,
respectively. Data are presented for different saturation temperatures,
T, > and different mass fluxes, G. At the fully saturated liquid condition
(x = 0), the level of HTC is independent of mass flux; dependency is
however observed on the level of heat flux and saturation temperature.
This behaviour is attributed to the nucleate boiling occurring in low
vapour quality flow regimes, in agreement with [21].

Now consider conditions where x > 0. For all cases, a significant
and abrupt reduction in the level of HTC is observed at high vapour
quality, in accordance with the onset of dryout; the conditions at 7, =
—15°C and T,,, = 0°C at ¢ = 30 kW/m? and G = 500 kg/m’s exhibit
less abrupt, yet equally significant reductions in HTC. The data at
high HTC exhibit pronounced scattering in accordance with the larger
relative error in temperature measurement at high HTC values. For
T,, = 0°C at ¢ = 30 kW/m? and G = 500 kg/m’s the magnitude of
the HTC appears higher than the consistent cases with elevated mass
fluxes. This apparent contradiction is attributed to nucleate boiling
being suppressed at the high flow-rate condition, and in accordance
resulting in a disproportionately low HTC despite the higher mass flux.

The independence of HTC with mass flux seen for x = 0, is equally
observed for 0 < x < x,,, for cases at elevated saturation temperatures.
At T,,, = 0°C, mass flux independence extends up to x = 0.4 for high
heat flux, i.e. ¢ = 30 kW/m? and up to x = 0.2 for low heat flux,
i.e. ¢ = 5 kW/m?. For T,, = 15°C the independence extends up to
X = x4, This behaviour is consistent with the dominance of nucleate
boiling, in accordance with the Introduction. Here, the nucleate boiling
is attributed to the 6~ regime. The case with T,, = 15°C and ¢ = 30
kW/m? is the sole test case where - regime is observed. At T,, =
—15°C, no independence with mass flux is observed beyond x = 0.

3.2. Influence of heat flux on the heat transfer coefficient

The HTC data are replotted as function of vapour quality in Figs. 7
and 8 for G = 800 kg/m?s and G = 2000 kg/m?s, respectively, in order
to aid direct comparison between conditions of high and low heat flux.
As the experiments are carried out at saturated conditions, the tempera-
ture of the fluid is constant and equal to the saturation temperature, i.e.
it is not affected by the level of heat flux. The experiments corroborate
the implied proportionally between HTC and g, as expressed in Eq. (4).

3.3. Influence of saturation temperature on heat transfer coefficient

The HTC data are replotted a third time, now as a function of vapour
quality, x, in Figs. 9 and 10 for ¢ = 5 kW/m? and ¢ = 30 kW/m?,
respectively. In each plot HTC is directly compared for different satu-
ration temperatures. In Fig. 10(a), HTC is seen to increases with T}, for
conditions close to saturated liquid, where reducing surface tension en-
hances bubble nucleation, as shown by [14]. Latent heat decreases with
saturation temperature, T, . Consequently, localised heat transfer is
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Fig. 7. Measured (a-b) and averaged (c-d) HTC as a function of x for different ¢ and T,,; G = 800 kg/m?s.

augmented by the increasing presence of vapour, generated through the
boiling process. In turn, for conditions at high vapour quality, the level
of HTC increases due to convective evaporation. This effect is magnified
at lower T, where HTC exhibits a strong positive correlation with x,
prior to the onset of dryout; for low T, the correspondingly lower
vapour density results in a higher flow velocity enhancing the local
convective heat transfer. Lowering the saturation temperature shifts
the dominant behaviour from nucleate boiling to convective boiling,
confirming the hypothesis of [8].

3.4. Dryout vapour quality

The characteristic dryout vapour quality is determined from data
acquired from all installed thermocouples. For each thermocouple
dataset, the onset of dryout is indicated by an abrupt reduction in HTC;
the dryout vapour quality corresponds to the location of maximum HTC
prior to the reduction The dryout onset point determined from each
dataset is subsequently averaged to provide an overall estimate of the
dryout vapour quality at that test condition; an example test case is
shown in Fig. 11. The onset point of dryout, x,,,, is presented as a
function of the mass flux in Fig. 12. The error bars shown in Figs. 12
and 13 are determined from the variance of the solid data points in Fig.
11.

At the lowest mass flux (i.e. G = 500 kg/mzs) a lower saturation
temperature results in earlier onset of dryout. This is consistent with the
observed HTC behaviour: for low mass flux, the heat transfer coefficient

is augmented at higher T,,. Similarly to HTC behaviour, for higher
mass flux a lower saturation temperature results in a higher x,,,; for
high mass flux the higher latent heat and the lower vapour density,
due to a lower T,,, enhance the convective evaporation.

Behaviour indicative of the 6~ regime is observed for T, = 15 °C
and ¢ = 30 kW/m?2, as shown in Fig. 12(b). Here X4, decreases with
increasing mass flux, consistent with the flow pattern maps proposed
by [12]. In agreement with Section 3.1, the relative dominance of
nucleate boiling is inextricably linked to 6~ behaviour. Behaviour
commensurate with the §* regime is observed for all remaining cases:
increasing mass flux promotes delayed onset of dryout.

In Fig. 13 the dryout vapour quality is plotted as a function of
T, for different heat and mass fluxes. For the lowest mass flux (i.e.
G = 500 kg/m?s), the dryout vapour quality broadly increases with T},
for all tested heat fluxes. For higher mass fluxes the trend progressively
reverses; at G = 2000 kg/m’s, X4y, decreases with T, for both tested
heat fluxes. For all cases, earlier inception of dryout exists for the
higher heat flux condition, as shown in Fig. 13 and in agreement
with [8]. Phenomenologically, this is attributed to transition from
6% to 6~ behaviour as g is increased. The former is associated with
evaporative convection, without bubbles present at the interface; the
latter is associated with higher levels of heat flux leading to nucleation.

3.5. Stability analysis

Albeit unclassified as the §* regime coined in this study, the data
of [7,8] exhibit an increasing x,,, with rising mass flux at conditions



G. Cantini et al.

(@) Tsar = —-15°C

40
35 &g 8
O
3o . &, ]
& 25+ & 5 ,
g @ o©° o0
220t o 1
— o ¥
O sl , o o i
E 15 ? ©
10@ o] o i
o
51 a8
¢ 8 B B 88
0 1 1 1 L
0 02 04 06 08 1
x [-]
(©) Tsar = —15°C
40
35| .
30+ :

N
w
T
I

HTC [kW/m2K]
= N
(6, o

=
o
i

w
T
I

0 0 0.2 0.4

x [-]

0.6 0.8 1

International Journal of Heat and Mass Transfer 251 (2025) 127299

(b) Tsar =0°C

40

351 a=30kw/m2 o |
q =5 kw/m? u]

30 1

N
w
T
I

HTC [kW/mZ2K]
= N
(9, ] o

%

(d) Tsar =0°C

40

35| q=30kW/m2 —e— |
q=5kwWw/m?2 —m—

30 F 1

N
w
T
I

HTC [kW/m2K]
= N
(6, ] o

0 0 0.2 0.4 0.6 0.8 1

x [-]

Fig. 8. Measured (a-b) and averaged (c-d) HTC as a function of x for different ¢ and T,,; G = 2000 kg/m’s.

pertaining to low heat flux, low saturation temperature and for small
pipe diameters. The effect of gravity is omitted owing to the high
surface tension at small scale, coupled with the low saturation tem-
perature characteristic of the §* regime. Such conditions support the
assumption of a smooth interface between the vapour and liquid phases
in annular flow, as stressed by [22,23]. The hypothesis is strengthened
when considering that evaporative convection dominates in the Delta+
regime, promoting an absence of nucleation at the interface.

Furthermore as the diameter of pipe is small the velocity of the
liquid flow is moderated for the tested mass fluxes. This makes the
thickness of the boundary layer within the liquid film very small and
the sole forces acting on liquid phase are due to the molecular viscosity,
thus liquid-flow can be considered laminar.

Small perturbation theory is applied to the steady-state solution
(for further details the reader can refer to [24]) following the method
proposed by [25]. Perturbation theory is widely used to solve interface
stability problems, for example by [26,27]. Such theory has been suc-
cessfully applied to interfacial waves occurring in annular flow by [28];
the study focused on oil-water annular flow without consideration of
heat and mass transfer, nevertheless the instabilities at the interface
were successfully characterised in two-dimensional form. Successful
implementation of a two-dimensional simplification to the flow pattern
was also presented by [29]. The relatively small thickness of the liquid
film compared to the pipe diameter — consistent with the high value
of void fraction, a, for annular flow at high vapour quality — also
renders the problem ideal for modelling in reduced dimensional form,

as shown by [24]. This study therefore assumes a two-dimensional
stability problem with consideration of heat and mass transfer across
the liquid-vapour interface.

According to perturbation theory, given A(x,y) as a steady-state
solution for the quantity a the perturbed solution is written as a =
A + 4(y)exp (ikz + nt) with k € R and n € C. The incompressible
Navier-Stokes equations are as follows

ou  Ou ou op 1 (d*u 0%u

= = — == —|=+= 9
ot TYoz ey T oz T Re (azz )2 ©
ov  dv . dv op 1 (o*v  o*v

w2, (v, 0 10
o Tz %y ay+Re<az2+ay2 10
ou O0v

ZiZ o0 11
dz  dy an

Considering that the steady-state solution already satisfies this set of
equations, and neglecting all terms with an order greater than 1,
Egs. (9)-(11) can be rewritten to obtain the Orr-Sommerfeld Equation

. d LU, 1 (& :
(n+tkU)<d—y2 —k2> U—zkd—yzv= Re (W—H) D
where 0 is the perturbed velocity in the y-direction, U is the steady-
state velocity, Re is the Reynolds number and k is the wavenumber.
Eq. (12) is typically solved for single-phase flows in order to find the
critical Reynolds number which denotes the transition between laminar
and turbulent regimes, as shown by [30]. The interested reader is

(12)
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(b) G = 2000 kg/m?s

Fig. 9. Measured (a-b) and averaged (c-d) HTC as a function of x for different G and T,,; ¢ = 30 kW/m?.

referred to [31,32] for appropriate numerical methods used to solve
the Orr-Sommerfeld equation.

With reference to Fig. 14, the Orr—-Sommerfeld equation is expressed
for both the liquid and gas phases; each phase has different viscosity,
density and steady-state velocity. The eigenvalue » for Eq. (12) yields
non-trivial solutions in accordance with the prescribed boundary con-
ditions. If R(n) > 0, the fluctuating component increases with time,
progressively disrupting the liquid-film interface and leading to the
inception of dryout. Two differential equations of the fourth order
necessitate a set of eight boundary conditions to be solved:

+ No slip condition at the wall (Two equations)

+ Perturbed velocity equal to steady-state velocity at the pipe axis
(Two equations)

» Conservation of mass across the interface (One equation)

+ Conservation of energy across the interface (One equation)

+ Conservation of momentum across the interface (Two equations)

It is worth noting that a complex problem such this cannot be sim-
ply reduced to well-known instabilities like Rayleigh-Taylor, Kelvin—
Helmbholtz, and Rayleigh-Bénard. Further direct treatment of the gen-
eralised mathematical formulation is required to develop a parameter
indicative of the inception of dryout. The conservation of momentum
across the liquid—vapour interface with respect to z is written as follows

10

40
35¢ AAA% 1
A
30 [ A A AA 7
< 2
25t a N 1
£ & A% A
E 20 - A .
= A AOA
(@) A
215 @ 1
T &® &S %?%%
10 . Tod AA 1
o
5 %@ A 4
A
O L L L L
0 0.2 0.4 0.6 0.8 1
x[-]
(d) G = 2000 kg/m?s
40
35¢F 1
30 1
& 25 1
£
520 1
215 1
T
10 \ -
5 L 4
O L L L L
0 0.2 0.4 0.6 0.8 1
x [-]
aS* aS* . 0S* L0S* . dS*
PL“*L <? +”? 0z* +up ay* > - T:z 0z* - T;z ay* =
0S* « 0S* 05™ y 0S* «v 0S8
= vy (F by o TG, ) T g T T gy a3
Y <L . L) os*
RT R; az*
where p; and p, are the liquid and vapour density, respectively.

S*(y,z,t) is a function such that S* = 0 identifies the liquid-vapour
interface, o is the surface tension and the term r;‘j"’ is the ij component
of the stress tensor for the phase ¢ defined as

ou;
¢ i
T = 51,1, (_p+2Md’6_xi) + (1 _51'1)/44; (

where §;; is the Kronecker delta. « and v are the axial and normal
components of velocity relative to the wall for the phase ¢. Eq. (13) is
evaluated at the interface; R} are the radii of curvature of the interface.
The stars denote dimensional terms in Eq. (13), consistent with notation
adopted in perturbation theory (see [24]). The following dimensionless
variables are defined

Ou;j g Oujg

o (14)

0x;

# *
t= —DG t* y= % X = %
L
L L L_PD
up = Eu? vy = El)z Tij = ML—GT;}
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Therefore, Eq. (13) can be written in non-dimensional form as follows:

0S5 oS oS 1 L oS L 0S
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where
2
ReL:G—D ReV:Q We:GD
Hr Hy PLO

are the Reynolds numbers for the two phases and the Weber number
2
We = 2 js the ratio between the kinetic energy and the surface

tension. The two-dimensional approximation renders .S = y— 251()‘) ; ergo
% is the rate of change of the annular film thickness § along the pipe
axis, taking into account the heat and mass transfer. The steady-state
thickness decreases in the z-direction due to evaporation induced by

the wall heat flux.
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Given the void fraction, «, in annular flow

n(§—5)2

= 5 16)
D
*(3)
the thickness of the liquid film is expressed as follows:
D
5= (1-a) a7
The relationship between quality and void fraction is as follows:
X Pv o
=—S 18
1-x pg Rl—a 18)

where S, = Uy, /U, . Eq. (18) can be rearranged to determine an explicit
function of
a= &t (19)
_ v [
(1= 5r80)x+ 5

The rate of change of § along the z-direction is
dés  dé da dx

dz ~ dadx dz
The derivatives are calculated from Egs. (17), Eq. (19) and Eq. (3), as
follows:
ds _ _
da

(20)

D

i

(21
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Substituting Egs. (21)-(24) in the last term of Eq. (15), and considering
that for the unperturbed interface R, = oo, the following expression is

)

R, (24)

obtained:

S _2(1-a) Bo

9z x(1-x) We @5

(L, 1
We \ R, R,

12

_4_

The Boiling number, Bo = G
change and the total mass flow rate. As T, is inversely proportional to
hg, any increase in T, will correspond to an increase in Bo and con-
sequently a decrease in x4,,. The data presented in Fig. 13 showed that
the onset of dryout was delayed at decreased saturation temperatures.
This effect is attributed to an increase in We. The ratio Bo/We = %
exhibits an inverse proportionality to the mass flux. This mathematical
form is consistent with the experimentally-derived 6t behaviour, where
an inverse proportionality is found between Bo/We and x,.,.

The dryout vapour quality x,,, is correlated with the right-hand-side
of Eq. (25), termed henceforth as the dryout instability factor for the 5+
regime, I;:. The dryout instability factor can also be expressed as a
function of the slip ratio, Sz = U}, /U, , exploiting Eq. (18):

is the ratio between the rate of phase

v
_2(1-a) Bo _ 25,5k Bo

= —— = — (26)
x(1—-x) We xz(]_i_ySR)+xWe
L
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Here the slip ratio, Sy, is equal to two, assuming a radially-invariant
velocity profile for the vapour core and laminar Couette flow for the
liquid film, in accordance with the approach of [28]

Data attributed to the §* regime are reanalysed with respect to
the I+ parameter and presented as a function of x,,, in Fig. 15. I+
exhibits a strong dependency on x,,, and correlates with an exponential
relationship of the form

)

where the coefficients were obtained through a least-squares optimi-
sation. Since exponential relationships provide a basis to solve linear
problems, the exponential form here supports the authors’ hypothesis
that dryout is linked to the solution of Eq. (12). Physically, Eq. (26)
links the inception of dryout to a threshold over which the forces acting
on the liquid-vapour interface (due to the phase change) are strong
enough to disrupt the liquid film, which itself is stabilised by the inertia
of the flow. The proposed correlation has a coefficient of determination
R? = 0.8567. The coefficient of determination is defined as
N

Z,‘:] (yi - )71')2

Zilil (y, - ”y)z

_ 3.38
Iy =10 (8.96x 3384470 @7

R*=1- (28)
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where y; are the collected data, y; are the estimated data and y, is the
mean of the collected data.

Despite numerous attempts in the literature to develop a universal
theory for predicting x,,,, to the authors’ knowledge all theories fail
to extend their applicability beyond the proposers own datasets. The
demonstrated dependency of I+ on x,,, for the 6 regime can be
further validated through reproduction of the data from [8]. Fig. 16
shows that the experiments of [8] conform to the new theory.

The coefficients for Ducoulombier’s data are different to those in Eq.
(27) owing to the 0.5 mm bore pipes used in the experiments; the
coefficient of determination for Eq. (29) is R? = 0.77

_ 470
I =10 (3.68xm +4.13)

29

Since the definition of I+ contains x,,,, an iterative process would
be needed to apply Egs. (27) and (29) for evaporator design purposes.
An alternative approach to correlating the data in Fig. 15 employs the
Bo/We ratio as the governing parameter, omitting the need for iterative
calculation and yielding R? = 0.71 (see Fig. 17):

Bo
— =10
We

- (7.25x;-r2y~? +4.94)

(30)
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Fig. 15. I;. as a function of x,,,; all data are for a 1 mm pipe bore, Sz =2.

A Bo/We correlation is also proposed for the experiments of [8] (see
Fig. 18)

Bo —(3.22x32 +4.13)

— =10 dr 31
We ' 3D
with R? = 0.69.

The results generated in this study can be exploited to produce
flow pattern maps for two-phase CO,. Flow pattern maps are typically
used to identify the physical state of the flow at a specific condition,
from which appropriate correlations can predict associated pressure
drops and heat transfer rates. The most widely recognised flow pattern
map for CO2 was produced by [12], whom assembled flow regimes
for fixed diameter pipes at constant saturation temperature and heat
flux. Considering D = 1 mm, T,,, = —15° C and ¢ = 5 kW/m?, the
flow pattern map proposed by [12] is shown in Fig. 19(a). The red line
marks the inception of dryout; the green points are the dryout vapour
qualities determined in this study. The flow map proposed by Cheng

14

fails to predict the dryout behaviour when the §* regime dominates.
A modified flow pattern map is presented as Fig. 19(b) utilising the
Bo/We correlation proposed in this paper. Herein lies the significance
of such a correlation, where the independence from T, and ¢ enables
the experimenter to conduct investigations at a single value of the
aforementioned quantities, while permitting extrapolation of the trends
to a general parameter set.

4. Conclusions

This study presents a new method for predicting the inception of
dryout in milliscale pipe flows through evaluating the Heat Trans-
fer Coefficient (HTC) in boiling CO, flow at saturated conditions.
The investigation is based on an extensive experimental campaign at
CERN, underpinned by a new approach to modelling the dryout vapour
quality. The principal conclusions from this study are as follows:
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Analysis of the heat transfer coefficient:

* Influence of mass flux, G: At the fully saturated liquid condition,
the level of HTC is independent of mass flux. This behaviour is
attributed to nucleate boiling occurring in low vapour quality
flow regimes. The independence of HTC with mass flux seen for
the saturated liquid condition, is equally observed as conditions
approach the onset of dryout — exclusively for cases at elevated
saturation temperatures. At negative values of 7,,, no indepen-
dence with mass flux is observed beyond the saturated liquid
condition.

Influence of heat flux, q: As the experiments are carried out at
saturated conditions, the temperature of the fluid is constant and
equal to the saturation temperature, i.e. it is not affected by the
level of heat flux. Ergo the experiments exhibit proportionality
between HTC and q.

Influence of saturation temperature, T,,: For conditions at high
vapour quality, the level of HTC increases due to convective

evaporation. This effect is magnified at lower T,,, where HTC
exhibits a strong positive correlation with dryout vapour quality,
prior to the onset of dryout; for low T,,, the correspondingly lower
vapour density results in a higher flow velocity enhancing the lo-
cal convective heat transfer. Lowering the saturation temperature
shifts the dominant behaviour from nucleate boiling to convective

boiling.
Inception of dryout:

« Influence of heat flux, q: For all cases, earlier inception of dryout
exists for the higher heat flux condition.

* Influence of saturation temperature T,,: For the lowest mass flux,
the dryout vapour quality broadly increases with T, for all
tested heat fluxes. For higher mass fluxes the trend progressively
reverses. At the lowest mass flux condition a lower saturation

temperature results in earlier onset of dryout.
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Fig. 18. Reproduction of the data from [8], converted to Bo/We as a function of x,,,; all data are for a 0.5 mm pipe bore.
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Fig. 19. Flow pattern maps for internal D = 1 mm, 7,

Stability analysis for the 6 regime:

« Stability analysis at the liquid-vapour interface is employed suc-
cessfully to predict the dryout vapour quality based on the dryout
instability factor in the 6* regime, I;+. An exponential correlation
is used to predict I+ as a function of dryout vapour quality, with
the coefficients dependent only on pipe diameter.

An alternative approach to correlating the data employs the
Bo/We ratio as the governing parameter, omitting the need for
iterative calculation of dryout vapour quality.

The proposed correlation is independent from 7, and ¢, enabling
the experimenter to conduct investigations at a single value of the
aforementioned quantities, while permitting extrapolation of the
trends to a general parameter set.

The strong dependence of x,,, on I identifies the stability of
the liquid-vapour interface as the principal governing variable for the
dryout phenomenon in the §* regime. This study provides theory to
interpret the 6% regime for dryout, validated with specifically-acquired
data and the wider literature. The proposed correlation, based on a
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(b) New map with Bo/We correlation
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physically-informed parameter form the theoretical model, is indepen-
dent from the saturation temperature and heat flux, enabling robust
design of carbon-dioxide evaporator architectures from data acquired
at a single value of the aforementioned quantities. The versatility of
this new framework is unique.
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