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ABSTRACT

The supercritical organic Rankine cycle (S-ORC) is highly effective for utilizing
medium- and low-temperature heat sources. This study investigated the
hydrodynamic behavior of supercritical-pressure 1,1,1,2-tetrafluoroethane
(R134a) within a horizontal 2 mm circular tube through integrated experimental
and machine learning techniques. Experimental investigations spanned
pressures between 4.2 and 5.4 MPa, inlet temperatures between 20 and 50 °C,
and heat fluxes between 60 and 300 kW/m2. Systematic analysis of
hydrodynamic characteristics was accompanied by predictive modeling using an
extreme learning machine (ELM) framework to forecast pressure drop trends.
The hydrodynamic characteristic (HDC) curve of supercritical R134a exhibits
significant differences from subcritical flow behavior—it lacks a negative-slope
region but features a distinct “pressure drop stabilization region,” where pressure
drop remains consistent across a broad range of mass flow rates. The pressure-
drop stabilization region diminishes with elevated system pressure or inlet
temperature but enhanced with heat flux. Mechanistic analysis revealed that the
initiation of this region is predominantly influenced by frictional pressure drop,
whereas its termination correlates with acceleration pressure drop. Crucially, no
flow instabilities were detected within the pressure-drop stabilization region.
However, operation in the low-mass-flow-rate regime of the curve induced
dynamic oscillatory behavior, characterized by periodic fluctuations in the mass
flow rate, wall and fluid outlet temperatures, system pressure, and pressure drop.
These instabilities are attributed to axial fluid density gradients arising from
localized thermal nonequilibrium. The ELM model demonstrated robust
predictive performance, maintaining errors within £10% across all operating
conditions, highlighting its effectiveness in analyzing supercritical
hydrodynamic phenomena.

1. INTRODUCTION
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supercritical fluids as working mediums in the S-ORC

The supercritical organic Rankine cycle (S-ORC) has
emerged as a leading technology for low-grade energy
recovery, owing to its superior thermal matching with heat
sources and enhanced cycle efficiency. This technique is
extensively employed in renewable energy systems,
including solar, geothermal, and biomass energies, as well
as in harnessing industrial waste heat (Cheng et al., 2021;
Wang & Zhang, 2021; Ahmed et al., 2024; Shilpa & Mitul,
2024). Recent advances have highlighted the use of

system, leveraging their excellent thermal transport
characteristics. This has shown promise in exploiting the
advantages of the S-ORC, with the thermophysical
properties of organic working fluids, such as R134a,
which are fundamental to realizing this advantage (Astolfi
etal., 2018; Li et al., 2023; Sobhan & Monjurul, 2023; Li
et al., 2025). However, in S-ORC systems, the working
fluid undergoes transcritical flow in the evaporator
channels. Research indicates that near the pseudo-critical
point, the properties of supercritical fluid exhibit significant
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nonlinear changes, which can easily induce flow
instability during energy transfer (Valori et al., 2019; Pan
et al., 2024). This instability affects the evaporator flow
heat transfer efficiency and generates mechanical
vibrations in the heat transfer equipment, thereby
diminishing the operational stability of the system (Li et
al., 2024; Luo et al., 2024; Wanstall et al., 2024, Zhou et
al., 2025).

Flow instability phenomena are widely recognized in
various thermodynamic systems that utilize fluids as the
working media (Tracy et al., 2017; Li et al., 2023; Chen
et al., 2024; Shi et al., 2024). Ledinegg (1938) made a
pioneering contribution by investigating the multi-valued
characteristics between the pressure drop and flow rate
within heated pipelines—a phenomenon that is typically
described by hydrodynamic characteristic (HDC) curves.
Subsequently, numerous researchers have examined the
HDC of fluids in two-phase flow systems. For instance,
Nayak et al. (2022), Pandey and Singh (2017), Chen et al.
(2018), and Cheng et al. (2018) conducted experimental
investigations into the hydrodynamic characteristics of
natural circulation loops. Additionally, Zhang et al. (2009)
explored microchannels, while Jiang et al. (2024) and Yin
et al. (2024) investigated the hydrodynamic
characteristics of fluids in parallel channels. The results
indicate that the HDC curves of fluids under subcritical
pressure exhibit a distinct negative-slope region. When
operating within the negative-slope region of the HDC
curve, systems are prone to various types of flow
instability phenomena, such as density-wave oscillations
and pressure-drop instabilities. These instabilities result
in a flow drift within the system, accompanied by
fluctuations in both pressure and temperature (Li et al.,
2022; Wang et al., 2022).

A divergence of opinion has been observed among
researchers concerning the HDC of supercritical fluids.
Some studies have suggested that the HDC curve of fluids
at supercritical pressures do not exhibit a negative slope,
Such as Swapnalee et al. (2012), Cai et al. (2021), and
Singh and Chatoorgoon (2022) reported that supercritical
CO;, does not exhibit hydrodynamic multi-valued
characteristics, with the pressure drop demonstrating a
monotonic relationship with the mass flow rate.
Conversely, studies by Ouyang et al. (2020), Liang et al.
(2021), Guo et al. (2017), Yang and Shan (2018), and
Chatoorgoon (2013) of supercritical water and
supercritical hydrocarbon fuels indicate the presence of
hydrodynamic multi-valued characteristics, with the
characteristic curves demonstrating a clear negative slope.
These studies further suggest that negative-slope region
effectively suppressed with increasing system pressure. A
study by Li et al. (2019) on the static flow instability of
supercritical fluids in microchannels indicated that the
negative-slope region in HDC curve is more pronounced
in horizontal pipes than in vertical pipes. Some researchers
have argued that although phase change does not occur in
supercritical systems, a significant change in density in the
high-heat-capacity region causes the fluid in the channel
to experience a “pseudo-boiling” flow, akin to that of two-
phase boiling flow. Consequently, supercritical fluids
exhibit hydrodynamic characteristics analogous to those
of two-phase flows during boiling. For example,
Ambrosini (2007, 2011) first identified key dimensionless
numbers in unstable two-phase flows, then extended this
methodology to derive supercritical flow instability
indicators. Mahmoudi (2009) further simplified the
dimensionless parameters by comparing the flow
instability of supercritical fluids and two-phase flow
systems, inferring that the mechanisms of flow instability
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Fig. 1 Schematic of the experimental loop

in both systems are consistent. Building on this foundation,
researchers have developed computational models for the
hydrodynamic characteristics of supercritical fluids.
Swapnalee et al. (2012) employed dimensionless
parameter analysis and a linear approximation approach to
describe the hydrodynamic characteristic curves of
supercritical fluids, establishing an expression to forecast
variations in fluid pressure drop. Farhadi (2009)
developed a predictive model for the hydrodynamic
characteristic curves of a two-phase flow in vertical pipes
based on experimental findings and theoretical derivations.
Nevertheless, these models predominantly rely on
traditional equations and dimensional analysis, resulting
in complex expressions that often lack practicality and
universality, underscoring the need for further
comprehensive scientific investigation.

In recent years, the accelerated advancement of
artificial intelligence (Al) has facilitated the expanding
adoption of machine learning (ML) techniques in
multiphase flow and heat transfer research. (Sun et al.,
2021; Manickathan et al., 2023; Zheng et al., 2024). Ma et
al. (2021) established a backpropagation (BP) neural
network model to effectively predict the heat transfer
coefficient of supercritical water, achieving a standard
deviation of only 4.13%. Similarly, Kuang et al. (2021),
Bhanu et al. (2024), and Yu et al. (2024) employed an
artificial neural network model to forecast the flow boiling
heat transfer coefficient of saturated liquid hydrogen,
resulting in an average absolute error of 12.2%. Yan et al.
(2023) utilized a BP neural network to predict the heat
transfer coefficient of supercritical R134a in heated
channels, with over 90% of the data falling within £5%
accuracy range.

According to literature (Luo et al., 2024), the
appearance of negative-slope regions in the HDC curves

of supercritical fluids is critically influenced by the
intrinsic properties of the working fluid. Moreover, the
effects of relevant thermal parameters on the characteristic
curves are inconsistent. Generally, elevating system
pressure consistently eliminates the negative-slope region,
while the effects of additional parameters (e.g., heat flux,
subcooling degree) remain non-universal and require
case-specific evaluation. Furthermore, computational
models for HDC curves necessitate further investigation.

In this study, experimental research was conducted on
the static and dynamic characteristics of R134a inside a 2
mm-diameter horizontal heated circular tube at
supercritical pressures. The HDC curves of R134a under
subcritical and supercritical pressures were obtained, and
the effects of different thermodynamic parameters on the
HDC curves of R134a at supercritical pressures were
investigated. Additionally, advanced machine learning
techniques were employed to predict the HDC curves.
This study provides valuable insights for the effective
design and optimization of evaporators in S-ORC systems.

2. EXPERIMENT METHODS

2.1 Experimental System and Test Section

The experimental setup is illustrated in Fig. 1.
Because of the low boiling point of R134a, it was
thoroughly cooled prior to the experiment.

An insertion-type thermocouple was incorporated at
the mid-height of the storage tank, and a K-type
thermocouple was welded to the external bottom wall
surface for real-time temperature monitoring. The R134a
was considered to be in the liquid phase when the tank
temperature reached 8—10 °C. Upon achieving complete
phase transition to the liquid phase, it was transported into
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Table 1 Test conditions and measurement uncertainties
Parameter Unit Value Uncertainties (%)
Mass flow rate g/s 450-50 0.35
System pressure MPa 4.2-5.4 0.30
Inlet temperature °C 20-60 0.50
Heat flux kW/m? 60-300 3.50
Bulk temperature °C 20-400 0.50

the primary circuit through a high-pressure plunger pump
(Elitehple, Model:1000+).

Subsequently, the working fluid was heated in the
preheating section until it reached the predetermined
experimental parameters before entering the test section.
The high-temperature working fluid exiting the test
section was cooled by a condenser. Following the pressure
reduction by a backpressure valve, it flowed into the liquid
storage tank, forming a closed-loop system. The liquid
storage tank was equipped with internal water-cooled coils
to enhance the cooling efficiency, and temperature-
measuring thermocouples (Omega TJ2-CASS-M15U-250)
were installed at the bottom of the tank to monitor the
tank's real-time temperature and to determine the phase of
R134a inside the tank.

A schematic of the test section is depicted in Fig. 2.
The test section consisted of a 304 stainless steel (SS 304)
circular tube with an inner diameter of 2 mm, a wall
thickness of 0.5 mm, positioned horizontally, an effective
heating length of 500 mm, and a length-to-diameter ratio
of 250. The main loop of the test system utilized a 4 mm-
inner diameter stainless steel circular tube to eliminate
local disturbances caused by variable joints, and
stabilizing sections of a specific length were incorporated
at both ends of the inlet and outlet of the test section. Nine
temperature measurement sections were arranged along
the flow direction at 50 mm intervals on the bottom wall
and at 100 mm intervals on the top wall. An alternating
current electric heating method with low-voltage and high
current was employed in the test section to generate a high
heat flux. Furthermore, the test section was insulated with
insulating cotton to reduce heat dissipation losses and
ensure stable measurements of the outer-wall temperature.

2.2 Experimental Method and Test Accuracy
2.2.1 Experimental Method

Initially, the system flow rate was adjusted to a preset
value (10 g/s), and then, the loop pressure was gradually
adjusted to approach the predetermined experimental
value using a backpressure valve. Subsequently, the power
in the preheating section was gradually adjusted to elevate
the fluid temperature to the predetermined value (the test
section inlet temperature complied with the specified
experimental parameters). At this stage, stabilization of
the inlet and outlet temperatures of the test section must
be ensured (outlet temperature variation: <1.0 °C, wall
temperature variation: <1.0 °C). Subsequently, the heating
power of the test section was adjusted to a preset value and
maintained constant. The backpressure valve was
gradually adjusted to achieve a stable loop pressure
corresponding to the predetermined experimental value.
Then, the loop flow rate was gradually reduced by
adjusting the high-pressure constant-flow pump in steps of
10 mL/min. After each flow rate adjustment, real-time
monitoring of the loop pressure was carried out, with
minor adjustments to keep it constant at the preset
experimental value. All parameters were allowed to
stabilize (outlet temperature variation: <1.0 °C, wall
temperature variation: <1.0 °C) before collecting data for
40-50 s. These steps were repeated until a set of operating
conditions was tested.

HDC curves of supercritical R134a were obtained at
different thermal parameters. The experimental conditions
were designed using a controlled variable method; the
specified test conditions are detailed in Table 1.
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Fig. 3 Test bench calibration results

2.2.2 Test Accuracy and Reliability

In this study, the loop mass flow rate was measured
using a Siemens MASS 2100 DI1.5 Coriolis mass flow
meter with a range of 0—60 kg/h and an accuracy class of
+0.5%. The inlet and outlet fluid temperatures were
recorded using ®1.5 mm T-type sheathed thermocouples,
featuring a measurement accuracy of £0.4% and response
time of less than 0.4 s. The outer wall temperature of the
test section was measured using K-type thermocouples,
covering a temperature range of 0-1300 °C, with an
accuracy class of £0.5%. The system pressure and test
section pressure drop were measured using Rosemount
and differential pressure transmitters, respectively. The
pressure transmitter featured a measurement range of 0—
27,000 kPa and an accuracy of +0.05%, while the
differential pressure transmitter had a range of 0-62 kPa
and an accuracy of +0.05%. The test section current was
transmitted through a 200/5 A current transformer
(accuracy: +0.5%) to a current transmitter (accuracy:
+0.2%), which converted the measured alternating current
signal into a linear direct current signal via a conversion
module. The voltage of the test section was similarly
measured using a voltage transmitter, with all data
uniformly collected through an IMP acquisition board.

For indirectly measured values Y, which are functions
of multiple directly measured quantities Xi, the relative
uncertainty can be computed using the following
expression:

ﬂi{z(ﬂ”
Y Y|4H\oX (D

The uncertainties of the parameters are outlined in
Table 1. The measurement accuracy of the experimental
setup was illustrated in Fig. 3. The majority of data points
were within a +10% error range, indicating that the
measurement accuracy of the experimental setup meets
the requirements.

For system reliability validation, 2-min experimental
data segments were randomly selected for a
comprehensive stability analysis. The analysis revealed
the following: flow rate stability, £0.03 g/s fluctuation

amplitude (0.075% of mean value); outlet temperature
variation, <1.0 °C; wall temperature variation, <1.0 °C;
pressure stability, 10 kPa peak-to-peak fluctuation (0.22%
of operating pressure). Considering the inherent pump
pulsation characteristics, these fluctuations fall within an
acceptable operational range.

2.3 Data Processing
The mass flux is calculated using Eq. (2).

G:;ﬂz 2

The heat flux of the test section was calculated using
Eq. 3).

_ Yl 3
‘ nd; Lg
The thermal effectiveness was calculated using Eq.
4.
m(Hy, —Hys)
—_ 1+ bo " bif 4
n i (4)

In this study, the test section average thermal effectiveness
was 90%.

The test section inner wall temperature 7,; was
calculated by Eq. (5).

2
T o-1 449 d—°|nd—°—%] (5)

Wi w,0 2 lw doz_diz di

where Ay, is the thermal conductivity of the test section,
which was composed of SS 304, with a thermal
conductivity of 16.7 W/(m-K).

The bulk fluid enthalpy Hy was calculated from the
inlet and outlet fluid enthalpies by linear interpolation
using Eq. (6).

Hszh,i+%(Hb,o_Hb,i) (6)

The bulk temperature was calculated using the NIST
REFPROP software corresponding to the bulk fluid
enthalpy. The bulk flow temperature, defined as the
average temperature within the measurement section, was
calculated using Eq. (7).value of the measurement section
temperature, calculated by:

T, = _ZQ:Tb,i )

For horizontal pipelines, the gravitational pressure
drop can be neglected. To ensure hydraulic flow
development and eliminate entrance/exit effects, identical-
diameter hydrodynamic stabilization sections were
installed at the hydrodynamic development zones of both
termini of the test section. Furthermore, the thermal
isolation conduits flanking the test section were designed
with a minimized length of 10 mm to ensure negligible
frictional pressure drop of this region. Therefore, the
measured total pressure drops across the test section
exclusively comprised the frictional and accelerating
pressure drops.
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APy =AP; +Ap, (8)
Apa was calculated using Eq. (9).
1 1
Ap, =G [___J (©)
Pout  Lin

where pin and pou are the inlet and outlet densities,
respectively.

The heat transfer coefficient is calculated by:

- (10)
Twi _Tb
The Nusselt number was calculated using Eq. (11).
Nu = (12)
A

This section presents an in-depth overview of the
experimental methods and data processing procedures
employed in the study, particularly analyzing data
reliability and measurement uncertainties, ensuring the
reliability of the data.

3. RESULT AND DISCUSSION

3.1 Thermophysical Properties of Supercritical R134a

Figure 4 shows the variation in the thermophysical
properties of R134a at supercritical pressure. The fluid
specific heat capacity reaches its peak value at the
pseudocritical temperature, with minimal variations in the
specific heat at other regions. In contrast, the thermal
conductivity declines sharply with increasing temperature
but exhibits a rapid increase and a local peak at the
pseudocritical temperature. Prior to reaching the
pseudocritical temperature, the fluid viscosity drastically
decreases with temperature, however, the trend of the
viscosity change slows after surpassing the pseudocritical
temperature. Additionally, the fluid density decreased
significantly with increasing fluid temperature on both
sides of the pseudocritical point. These drastic changes in
the thermophysical properties significantly influence the
fluid flow and heat transfer characteristics.
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Fig. 5 HDC curves of R134a

3.2 Typical Hydrodynamic Characteristic Curve

Figure 5 illustrates the typical HDC curves of R134a
at subcritical and supercritical pressures. As depicted in
Fig. 5(a), the HDC curve of subcritical R134a features a
negative-slope region. This region began where the wall
temperature was higher than the boiling point temperature
of the fluid, the bulk fluid temperature was significantly
lower than the boiling point temperature, and the outlet
temperature approached the boiling point temperature of
the fluid. At this stage, the fluid within the channel is in a
subcooled boiling state. Once the main flow undergoes
complete boiling, the negative slope region vanishes, and
the pressure drop changes revert to their original trends.

In contrast, the HDC curve of supercritical R134a
(shown in Fig. 5(b)) does not exhibit a negative slope.
When the wall temperature exceeds the pseudocritical
temperature of the fluid, the outlet temperature remains
slightly below the pseudo-critical temperature, and the
bulk fluid temperature is substantially lower than the
pseudo-critical temperature. The slope of the HDC curve
approaches zero, indicating that the pressure drop within
the channel exhibits minimum variation with changes in
loop mass flow rate, thus reaching a relatively stable value.
For the ease of further discussion and analysis, this study
defines the region, characterized by this behavior as the
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“pressure drop stabilization region.” This is because, at
this point, regardless of the changes in mass flow rate, the
pressure drop inside the channel remains relatively stable,
suggesting a stable total pressure drop within the channel
during this phase. Consequently, this area is defined as the
pressure-drop stabilization region. When the fluid outlet
temperature surpasses the pseudo-critical temperature, the
“pressure drop stabilization region” concludes, and the
system transitions into a low-mass-flow-rate region.

To further analyze the similarities and differences
between the HDC curve of R134a under supercritical and
subcritical pressure, two dimensionless parameters, 4Apsr
and 4psc, are defined as

ApSF — Pin ~ Pout (12)
sat
Apy. = Pin ~ Pout (13)

pc

where Apsr represents the variations in the density
difference between the inlet and outlet of the fluid under
subcritical conditions relative to the density at the boiling
point, while Apsc represent density difference relative to
the density at the pseudo-critical point under supercritical

pressure conditions. These parameters were used to
characterize the magnitude of the axial density difference
in the fluid.

Figure 6 illustrates the changes in total pressure drop,
frictional pressure drop, and accelerating pressure drop for
R134a under both subcritical and supercritical pressure
conditions, along with the variations in Apgr and Apsc. In
Fig. 6(a), the negative-slope region of the HDC curve for
subcritical-pressure R134a is predominantly influenced by
the frictional pressure drop of the fluid. This negative-
slope region is situated where Apsr remains relatively
constant, indicating that phase change occurs within the
fluid in the channel, causing Apgr to remain unchanged.

Figure 6(b) indicates that the “pressure drop
stabilization region” of the HDC curve for supercritical
R134a is primarily governed by both frictional and
accelerating pressure drops of the fluid. The onset of this
region correlates with the frictional pressure drop of the
fluid, while its endpoint is associated with the acceleration
pressure drop of the fluid. This stabilization region is
situated where the density difference between the inlet and
outlet of the fluid reaches its maximum variation.

3.3 Parameter Effects

Figure 7 illustrates the HDC curves of the
supercritical R134a under varying thermal parameters.
Figure 7(a) depicts the effect of heat flux, Fig. 7(b) shows
the impact of system pressure, and Fig. 7(c) illustrates the
influence of inlet temperature. Notably, the HDC curve of
supercritical R134a consistently exhibits a “pressure drop
stabilization region” under varying parameters. The
“pressure drop stabilization region” becomes more
pronounced with an increase in heat flux; however, both
an increase in system pressure and a rise in inlet
temperature result in the disappearance of this region.
Despite the onset of the “pressure drop stabilization region”
shifting to a higher mass-flow rate area with the increasing
heat flux and inlet temperature, it typically occurs when
the outlet temperature is slightly below the pseudo-critical
temperature (ZTou = 0.95 Tpe).

As mentioned previously, the HDC curves of
supercritical R134a obtained in this study did not exhibit
a negative-slope region, indicating the absence of static
multiplicity. This finding is consistent with the results
reported by Swapnalee et al. (2012) for supercritical CO..

Integrating findings from the systematic literature
review with our experimental analysis, we propose that the
hydrodynamic multiplicity of supercritical-pressure fluids
is fundamentally associated with their thermophysical
properties. Specifically, when the significant variation in
fluid properties across the pseudo-critical temperature
disrupts the local equilibrium between the frictional and
accelerating pressure drops (i.e., when the change in the
frictional pressure drop near the pseudo-critical point
exceeds that of the accelerating pressure drop), the HDC
curve manifests a negative-slope region. For fluids such as
R134a and CO:, under supercritical pressures, despite
substantial variations in thermophysical properties near
the pseudo-critical temperature, these changes may not
reach the critical threshold required to trigger the
occurrence of negative-slope regions in their HDC curves.
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Fig. 7 Effect of thermal parameters on the HDC curve
of supercritical-pressure R134a

3.4 Heat Transfer Characteristics

Figure 8 depicts the variation in the heat transfer
coefficient of the supercritical-pressure R134a with the
loop mass flow rate for different thermal parameters. In
the low-flow-rate regime, the effects of heat flux, system
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Fig. 8 Effect of thermal parameters on heat transfer
of supercritical-pressure R134a

pressure, and inlet temperature on the heat transfer
coefficient are marginal. This is because, at low mass flow
rates, a high heat flux leads the fluid to enter the pipeline,
with rapidly increasing temperature, and experience a
significant decrease in density, and exhibit gas-like flow
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Fig. 9 Parametric effects on Nusselt number (Nu)
characteristics

characteristics similar to a two-phase flow. Consequently,
the fluid exhibits heat transfer characteristics resembling
those of a gas.

Conversely, in the high-flow-rate regime, the heat
transfer coefficient is augmented with the rise in the
system pressure and inlet temperature. This is because the
fluid properties are significantly influenced by the system

pressure, and an increase in the inlet temperature leads to
a reduction in the axial property difference of the fluid.
This enhances the proportion of fluid within the large heat
region of the pipe, thereby improving heat transfer
performance.

Figure 9 shows the variation in the Nusselt number
(Nu) for different thermal parameters. When the system
operates with a mass flow rate surpassing 4 g/s, Nu rapidly
diminishes with a reduced flow rate across all parameter
conditions. As the flow rate approached and falls below 4
g/s, a local enhancement in Nu was observed before
resuming its decreasing trend, indicating an elevated
convective heat transfer capability of the fluid alongside
diminished thermal resistance from the viscous sublayer.

A comparative analysis of Fig. 7 reveals that the flow
rate corresponding to the local Nu peak closely aligns with
the flow rate marking the termination of the pressure-drop
stabilization region in HDC curve of R134a. This
correlation further demonstrates that the emergence of the
pressure-drop stabilization region is intrinsically linked to
convective transport mechanisms and viscous boundary
layer dynamics.

Figure 10 displays the axial wall temperature
distribution patterns for various thermal-hydraulic
parameters. The analysis revealed that the local
temperature depression between Sections 4 and 6 becomes
more pronounced with higher heat flux densities, lower
system pressures, and reduced inlet temperatures. This
phenomenon clearly indicates an enhanced convective
heat transfer capacity at these cross-sections, leading to
localized wall temperature reductions. Fluid temperature
measurements confirmed that this region corresponded to
the large-specific-heat zone flanking the pseudocritical
point, where the combined effects of an increase in
thermal conductivity and specific heat capacity
synergistically intensified the heat transfer effectiveness.

3.5 Flow Instability Characteristics

The analysis revealed that the HDC curve of
supercritical R134a did not exhibit a negative-slope region
and did not display static multi-valued characteristics.
However, experimental observations demonstrated that
when the system operates in the low-flow-rate regime on
its hydrodynamic characteristic curve, parameters such as
the system pressure, loop flow rate, and pipe wall
temperature fluctuate, leading to flow instability. Studies
by Serum et al. (2015), Park et al. (2018), O'Neill et al.
(2018a, b), and Wang et al. (2022) regarding density wave
instability flow suggest that this type of flow is
particularly susceptible to oscillations in the low flow rate
regime of the hydrodynamic characteristic curve, affecting
parameters such as the loop flow rate, system pressure, test
section pressure drop, and flow Reynolds number.

Figures 11 (a)—(d) illustrate the variations in the
system parameters when the system operates under flow
instability conditions. Analysis indicates that when the
system flow rate decreases to 1.55 g/s, the loop flow rate
begins to fluctuate, subsequently inducing fluctuations in
fluid outlet temperature, pipe wall temperature, system
pressure, and test section pressure drop. The mass-flow-
rate fluctuation amplitude is 0.3 g/s, corresponding to 20%
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Fig. 10 Axial wall temperature distribution under
varying parameters

of the total loop flow rate, while the fluctuation in outlet
temperature reaches up to 20 °C. The average outer-wall-
temperature fluctuation amplitude is 23 °C, the system-
pressure fluctuation amplitude is 150 kPa, and the test-
section pressure drop fluctuation amplitude is 3 kPa,

which accounts for 70% of the total pressure drop. Notably,
the inlet-temperature fluctuation amplitude for the test
section is 1 °C, signifying stability. (The inlet and outlet
fluid temperatures were recorded using ®1.5 mm T-type
sheathed thermocouples, featuring a measurement
accuracy of £0.4%)

3.1 Flow Instability Mechanisms

Currently, two mechanisms are recognized for flow
instability in supercritical fluids: viscosity variation and
density collapse. Hines and Wolf (2012) proposed a
viscosity variation mechanism to elucidate the formation
of thermoacoustic  oscillation-type instability in
supercritical fluids. The authors stated that the cyclic
feedback between “wall temperature—Vviscosity—boundary
layer thickness—heat transfer coefficient” activates flow
instability, resulting in oscillations of the parameters
within pipelines.

Verdiev and Verdiev (2006) suggested that the
significant density difference between the near-wall fluid
and main flow is a critical factor inducing flow instability
and parameter oscillations. Swapnalee et al. (2012) and
Chatoorgoon (2013) further suggested that an abrupt
change in fluid density is the primary cause of
hydrodynamic multi-valued characteristics in supercritical
fluids. Wang (2018, 2020) integrated these perspectives
and attributed the dominant factors in the front and rear
sections of heated pipes to viscosity and density
mechanisms, respectively.

Currently, unified consensus is absent regarding the
mechanisms of flow instability in supercritical fluids, and
both the proposed density and viscosity mechanisms
necessitate further validation.

Ambrosini ~ (2011)  proposed  dimensionless
expressions for density and enthalpy, which is suitable for
supercritical fluid channels based on the similarity of fluid
density variations in boiling two-phase flow and
supercritical heating channels as follows:

h* :&(h_h’m) (14)
Cp,pc

o =L (15)
Prpe

oM (16)

Figure 12 illustrates the changes in the test piece
parameters along the axial section during flow instability
under typical operational conditions. The inner wall
temperature was  significantly  higher than the
pseudocritical temperature. As the fluid approached the
pseudocritical point, there was a rapid increase in the heat-
transfer coefficient, leading to a reduction in the wall
temperature. When the main flow temperature was either
above or below the pseudo-critical point, the fluctuation in
the bulk fluid temperature became more gradual, leading
to a relatively stable heat-transfer coefficient, and
subsequently maintaining a nearly constant wall temperature.
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Fig. 12 Changes in axial section parameters

During this phase, the heat transfer behavior of the fluid
was comparable to that observed in the boiling region.

Our previous study (Zhu et al., 2024) demonstrated
that the flow can be categorized as liquid-like when the
dimensionless density (p*) is > 1.5. Conversely, the flow
can be deemed gas-like when p* is <0.5. For values within
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Fig. 13 No-dimensional parameter change

the range of 0.5 < p* < 1.5, the flow corresponds to a gas-
liquid two-phase region. Figure 13 depicts the variations
in the dimensionless parameters at each axial section
under typical operational conditions during flow
instability. Notably, minimal viscosity variations were
observed in regions other than a significant shift in fluid
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Fig. 14 No-dimensional parameter changes under
different working conditions

viscosity at the inlet. In contrast, the fluid density
underwent substantial changes along the axial direction.
The fluid within the pipeline transitions through distinct
states, including liquid-like, vapor-liquid two-phase-like,
and vapor-like flows.

Figure 14 depicts the variations in dimensionless
viscosity and density under different operational
conditions. Evidently, the fluctuations in the axial
viscosity of the fluid are minimal across the various
scenarios, whereas considerable changes in density are
witnessed. Integrating this observation with the analysis
described in Section 3.4, the flow inside the tube can be
inferred to resemble the gas-phase flow characteristics
associated with two-phase flow conditions owing to the
combination of low mass flow rates and high wall heat
flux. This behavior diminishes the influence of the thermal
parameters on the heat transfer coefficient.

Consequently, when the bulk fluid, characterized by a
higher density and lower temperature, enters the pipe at
low flow rates with significant wall heat flux, the fluid
density within the channel experiences a significant
reduction. This leads to a rapid increase in the density

differential between the inlet and outlet points over a very
short duration, potentially causing substantial variation in
density along a short axial distance near the channel
entrance. Consequently, the channel becomes highly
susceptible to flow instability conditions.

Based on a comprehensive analysis, the abrupt
reduction in near-wall viscosity is found to activate
boundary layer separation, providing an initial
perturbation force for the onset of flow instability.
Concurrently, the axial density gradient-induced “pseudo-
boiling” phenomenon within the heated channel
fundamentally sustains this flow instability.

The HDC of R134a were thoroughly investigated by
analyzing its HDC curve. A comparative study of these
curves under subcritical and supercritical pressures
revealed that under supercritical conditions, the
characteristic curve did not exhibit the negative-slope
region (where the pressure drop increased with the flow
rate reduced) observed under subcritical conditions.
Instead, a relatively stable plateau region exists, where the
pressure drop remains nearly constant despite the
variations in flow rate. This plateau became more
pronounced with an increase in the heat flux. The analysis
of dimensionless parameters revealed that this shift in
hydrodynamic behavior is primarily attributed to the
competing effects of the frictional and acceleration
pressure drops within the flow channel.

When the system operates in the low-flow-rate region
of the hydrodynamic curve, density-wave instability
occurs, leading to oscillations in the loop flow rate, fluid
outlet temperature, pipe wall temperature, test section
pressure difference, and system pressure. A mechanistic
analysis confirmed that the primary cause of this
instability was a significant axial density variation in the
fluid.

4. PREDICTION ON HYDRODYNAMIC
CHARACTERISTIC CURVE

4.1 Extreme Learning Machine Model

Based on the dimensionless density and enthalpy
expressions provided by Ambrosini (2011), Swapnalee et
al. (2012) employed a piecewise linear approximation
method to evaluate the pressure drop of supercritical COa,
summarized as follows:

The process of linear approximation for
dimensionless density to establish a segmented region.
p =C -Ch’ (17)

Based on the piecewise-zoned approach, the
Reynolds number (Reg) is defined distinctly for each
characteristic region.

Re, =C {%}
€ (18)

The Reynolds numbers for the different zones were
calculated using the above equations, followed by the
determination of the frictional pressure drop in each zone
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Fig. 15 Dimensionless density linear interpolation

using the Blasius formula:

Among them, the parameters in Eq. (18) were
calculated as follows:

or = DA9hQl 2 (19)
Au
N -
D (20)
(%)
P @1
=
r = —

Based on Eq. (18-22), the dimensionless density
under various test conditions is classified, and the results
are illustrated in Fig. 15. Although this method
demonstrates certain applicability, it fails to adequately
capture the nonlinear characteristics of the dimensionless
density within the #* range of 0—1. Furthermore, the linear
interpolation approach for the dimensionless density,
proposed by Swapnalee et al. (2012), was developed using
dimensionless density curves under various pressure
conditions without accounting for the influence of the inlet
temperature. As shown in Fig. 12 (for T;»=20 °C case), this
method exhibits significant deviations when the inlet
temperature varies. Consequently, this methodology not
only involves complex and cumbersome pressure drop
calculations but also leads to substantial errors across
different operating conditions, restraining its effective
application to specific scenarios.

In summary, the comprehensive analysis revealed that
the existence of negative-slope regions in the HDC curves
under supercritical pressure conditions is fundamentally
dependent on the inherent properties of the working fluid.
Moreover, the dimensionless density exhibits some
variations under different thermal-hydraulic parameters,
whereas the dimensionless parameters derived
from conventional fluid dynamics equations demonstrate

@

@ee® @ ®
OecO O O

Input layer hidden layer output layer

Fig. 16 Topological graph of Extreme Learning
Machine

limited applicability across specific ranges. Consequently,
the development of a universally applicable methodology
that enhances predictive accuracy is imperative to
characterize these complex phenomena more effectively.

With the advancement of artificial intelligence,
machine learning algorithms leveraging big data have
been gradually applied in the fields of fluid dynamics and
heat transfer (Bhanu et al., 2024; Yu et al., 2024). An
extreme learning machine (ELM) is a typical machine
learning model (Huang et al., 2015), comprising an input
layer, a hidden layer, and an output layer with
interconnected weights between layers, as depicted in the
Fig. 16.

The training process of the ELM model differs from
that of traditional single-hidden-layer neural networks
(e.g., BP neural networks). After generating the weights
and thresholds for the input and hidden layers, the ELM
model does not iterate using backpropagation but instead
directly determines them at once by solving the
pseudoinverse matrix. The ELM model significantly
enhances the training speed while ensuring prediction
accuracy, demonstrating strengths such as strong
generalization, good robustness, and rapid training speed.

Based on an analysis of the factors influencing the
dynamic characteristics of supercritical R134a, four
parameters (mass flow rate, system pressure, inlet
temperature, and heat flux) were selected as input
variables to predict the pressure drop. The relationships
among these parameters are as follows:

Ap=f (m,Tin,q, p) (23)

To enhance the training speed and prediction
accuracy of the prediction model, a preprocessing step was
employed to normalize the prediction parameters and
scale the data to the range of [0, 1]. The normalization
formula is

Z-7Z

7' = min (24)
Zmax - Zmin
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Fig. 17 Prediction performance of different neuron
numbers in the hidden layer

4.2 Prediction Results

To prevent overfitting and reduce randomness, 498
sets of data were randomly divided into a training set (425
sets) and testing set (73 sets), at an approximate ratio of
8.5:1.5. The training set data were utilized to train the
model, while the testing set data were exclusively used to
validate the accuracy of the model. Furthermore, a search
algorithm was implemented to determine the number of
neurons in the hidden layer by comparing the regression
coefficient R? of the testing set data with the mean absolute
error (MAE) and root mean square error (RMSE) of all the
experimental data.

N A 2 —A 2
MAE = iz'p“"—zpm’ «100% (25)
N i=1 Apexp
1y Ap(:zal 7Ape2xp ’ 26
RMSE =, | = 3| —2 7% | x100% (26)
N i=1 Apexp

where N represents the number of data points; Ap%, and
Ap%xp represent the predicted value and experimental
value of the pressure difference Ap?, respectively.

The search results, presented in Fig. 17, reveal that the
predictive accuracy of the model gradually improves with
an increase in the number of neurons. Notably, when / >
85, the model's predictive accuracy remains relatively
stable. Moreover, when /=98, the MAE and RMSE for all
experimental data were remarkably low at 1.87% and
2.45%, respectively, whereas R? for the testing set data
was as high as 0.9988. Considering that a further increase
in the number of neurons will not only fail to enhance the
predictive accuracy but also prolong the runtime, this
study established that the number of neurons in the hidden
layer was 98.

Figures 18 and 19 illustrate the prediction errors of
the ELM model across all experimental data, as well as the
model's performance under the operating conditions of
system pressure p =4.2 MPa, T, =40 °C, and ¢ = 300
kW/m?. The figures demonstrate that the ELM model
provides high accuracy, with prediction errors for all data
remaining within +10%. In addition, the model accurately
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Fig. 19 Prediction performance under typical
conditions

predicted the static characteristic curve of supercritical
R134a. Therefore, the ELM exhibits excellent accuracy
and generalization capability.

Based on the preceding analysis, this section
elucidates the HDC of supercritical-pressure R134a in
heated channels, presenting the predictive research using
extreme machine learning methods. Compared to the
piecewise linear interpolation approach documented in the
literature for approximating the HDC curves of R134a, the
extreme machine learning method demonstrated superior
accuracy and applicability. These results substantiate that
extreme machine learning is an effective methodology for
investigating hydrodynamic behavior.

5. CONCLUSION

In this study, the experimental and predictive
investigation into the HDC of R134a in a horizontally
heated circular tube with an inner diameter of 2 mm has
been carried out. The major conclusions are as follows.

(1) Subcritical R134a HDC curves exhibit a distinct
negative slope region, which was primarily associated
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with the occurrence of a boiling phase change within the
tube. In contrast, supercritical R134a HDC curves do not
exhibit such a negative-slope region; instead, a “pressure
drop stabilization region” exists. The initiation of this zone
was related to the frictional pressure drop, while its
termination correlates with the fluid accelerating pressure
drop. The significant change in fluid density on both sides
of the pseudo-critical point, leads to the phenomenon of
“pseudo-boiling,” which is the primary reason for the
existence of the “pressure drop stabilization region.”

(2) When the system operates within the “pressure drop
stabilization region” of the supercritical R134a HDC
curve, it does not induce heat transfer and flow instability.
However, operating in the low-mass-flow-rate region of
the characteristic curve can induce flow instability, leading
to fluctuations in the loop flow and consequently causing
variations in the fluid outlet temperature, pipe wall
temperature, system pressure, and pressure difference
within the test section. A substantial change in the axial
fluid density was the primary factor causing flow
instability. The abrupt reduction in near-wall viscosity
activated boundary layer separation, providing an initial
perturbation force for the onset of flow instability.

(3) The influence of different thermal parameters on the

HDC curve of supercritical R134a exhibited inconsistency.

An ELM model was developed to predict the
hydrodynamic characteristic curves of supercritical-
pressure R134a. The prediction errors of the ELM model
across all datasets were within +10%, demonstrating its
effectiveness in accurately predicting the HDC of
supercritical R134a under various operating conditions.
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