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Abstract

An experimental study of the critical heat flux (CHF) in R-134a was performed in a vertical round tube with upward
flow. The experiments were conducted over a wide pressure range from 1.10 MPa to 3.98 MPa, corresponding to reduced
pressures between 0.27 and 0.98. The mass flux was varied between 300 kg/m?s and 2000 kg/m?s, while the local critical
vapor quality ranged from highly subcooled conditions—3.43 up to 0.69. The uniformly heated tube had an inner diameter
of 10 mm and heated lengths of 1 m and 3 m. The extensive experimental matrix resulted in a total of 500 CHF data
points. At the onset of the boiling crisis, the wall temperature increases rapidly due to the significantly lower heat transfer
capability of the vapor phase compared to the liquid phase. Under high subcritical pressure conditions, specifically at
reduced pressures of above 0.8, this temperature excursion became less pronounced, particularly under dryout conditions.
At the same time, the critical vapor quality marking the onset of the boiling crisis shifted toward lower values and the
CHF decreased significantly as the system pressure approached the critical pressure. In experiments performed at reduced
pressures of 0.95 and 0.98, CHF was in some cases observed upstream of the outlet of the heated section, a phenomenon
referred to as upstream-CHF. The experimental results show that the occurrence of upstream-CHF is strongly influenced
by inlet subcooling and mass flux. Based on the measured wall temperature distributions, a possible explanation for this
behavior is the onset of homogeneous nucleation at a local wall temperature maximum along the heated surface. The
results provide a comprehensive CHF dataset for R-134a over a wide range of operating conditions close to the critical
pressure and contribute to an improved understanding of CHF behavior and the upstream-CHF phenomenon under near-
critical pressure conditions.
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Greek Symbols

A Standard deviation of parameter X [unit of X]
A Thermal Conductivity [W/mK]

p Dynamic Viscosity [kg/ms]

p  Density [kg/m?®]

o Surface Tension [N/m]

Subscript

c Critical State

cor Correlation

CHF  Critical Heat Flux

H Hydraulic
HN Homogeneous Nucleation
exp Experimental

h Heated

i Inner

in Inlet

j Datapoint

1 Liquid

loss Loss

meas Measured

o Outer

out Outlet

sat Saturation State

sub Subcooled

TE Thermocouple
v Vapor

w Wall

1 Introduction

Supercritical fluids are expected to be used more often in
future high performance energy systems. During normal
supercritical operating conditions, the fluid remains in a
single phase and does not lead to a boiling crisis. However,
during transient procedures, such as startup, shutdown or
in case of an accident, the system pressure may drop below
the critical point. If this happens, the system will go through
high subcritical pressure conditions and may experience
boiling crisis with a heat flux which is called the critical
heat flux (CHF). This condition is characterized by a sud-
den rise in wall temperature, which can damage heating ele-
ments. CHF is therefore a key design parameter for ensuring
safe operation and defining safety margins in boilers, steam
generators, and other thermal power systems. It also plays
an important role in setting safe operating limits for newly
planned power plants [1]. The boiling crisis can be divided
into two phenomena. First is the dryout which is more likely
to happen in high vapor qualities, and second, the transition
from nucleate boiling to film boiling, commonly referred to
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as Departure from Nucleate Boiling (DNB), which occurs in
the low vapor quality or subcooled flow region [2, 3].

Due to the significant impact of pressure on CHEF, it is
important to investigate CHF in a wide range of pressure
conditions, especially in the high subcritical pressure region.
In this regime, even small pressure fluctuations can have a
significant impact on the CHF. This sensitivity is primarily
attributed to the changes in fluid properties near the critical
pressure, which in turn influence both the flow behavior and
the heat transfer characteristics [4-6]. For example, impor-
tant fluid properties that strongly influence the CHF value
include the difference between the saturated liquid and
vapor enthalpy, the density difference, and the surface ten-
sion. As pressure increases, especially near the critical pres-
sure, the latent heat of vaporization decreases significantly.
As a result, less energy is required to generate vapor, so the
liquid evaporates more easily, and the CHF value decreases.
In addition, increasing pressure reduces the density differ-
ence between the liquid and vapor phases. This weakens the
buoyancy effect and decreases vapor removal, which fur-
ther contributes to lower CHF. Furthermore, surface tension
decreases with increasing pressure, approaching zero at the
critical pressure, which promotes the formation of a vapor
film on the heated surface and reduces the thickness of the
liquid film before dryout occurs.

Experimental investigations of CHF at high pressures,
particularly near the critical pressure, remain relatively
limited. Only a few studies have systematically examined
CHF behavior under these conditions. Vijayrangan et al. [3]
conducted experiments with R-134a in a 12.7 mm diameter
tube at reduced pressures up to 0.98. Their results showed
that, for a given mass flux, CHF decreases with increas-
ing system pressure. In addition, the influence of mass flux
becomes more pronounced at high reduced pressures ( Py.cq
>(.75), where lower mass fluxes lead to significantly lower
CHF values. Hong et al. [7] performed experiments with
R-134a at reduced pressures up to 0.995 and reported that,
near the critical pressure, CHF occurs at comparatively low
heat fluxes and does not lead to the abrupt wall temperature
excursions typically observed at lower pressures. Zhu et al.
[8] investigated CHF with water up to a reduced pressure of
0.995 and found that dryout dominates the heat transfer dete-
rioration in the subcritical pressure region. However, as the
pressure approaches the critical pressure, the corresponding
vapor qualities decrease, and the mechanism tends to shift
toward DNB-type behavior. Both studies also observed a
pronounced decrease in CHF as the pressure approaches
the critical pressure. Furthermore, Zhu et al. reported that
the dryout point shifts toward lower vapor qualities with
increasing pressure. Earlier work by Nishikawa et al. [9],
who conducted CHF experiments with R-22 up to a reduced
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pressure of 0.96, also showed that CHF and the critical
vapor quality decreases significantly as the system pressure
approaches the critical pressure. Despite these contribu-
tions, experimental data on CHF behavior near the critical
pressure remains limited. Consequently, further experimen-
tal investigations are required to improve the understand-
ing and modeling of CHF phenomena in this high-pressure
region.

In special cases during the CHF experiments the occur-
rence of a so-called upstream-CHF could be observed. In
this scenario, the boiling crisis does not start at the end of
the heated section, as normally expected, but rather in the
middle or even near the inlet [10]. The phenomenon of
upstream-CHF was first discovered in 1962 by Waters et al.
[11]. During his experiments with water in a 3.66 m long
uniformly heated tube with an inner diameter of 11.2 mm,
such behavior was observed in both horizontally and verti-
cally oriented flow configurations. The experimental con-
ditions were set at a pressure of 6.9 MPa and 10.34 MPa,
with very high mass fluxes of 6781 kg/m?s, and local vapor
qualities at the point of the boiling crisis between 0.1 and
0.3. At lower mass fluxes, no upstream-CHF was observed.

Groeneveld et al. [12] investigated this phenomenon in
more detail, conducting CHF experiments with R-12 over
a wide range of mass fluxes above 4000 kg/m?s. The local
vapor qualities in those experiments ranged from 0.08 to
0.45. In his study, Groeneveld also observed the occurrence
of the upstream boiling crisis. He reported that the relation-
ship between CHF and critical vapor quality changes in such
a way that a local minimum appears in the corresponding
curve. Since this trend can’t be considered by existing CHF
correlations, a reliable prediction of upstream-CHF is not
possible. Additionally, it has been observed that the boiling
crisis in the case of upstream-CHF propagates both down-
stream and, in parts, upstream [13]. Table 1 summarizes
experimental studies from the literature where upstream-
CHF was observed using vertically flowing tubes. The table
provides details about the working fluid, pressure, mass flux,
hydraulic diameter, and critical vapor quality. As indicated,
this phenomenon occurs predominantly at high mass fluxes
and low critical qualities. Although upstream-CHF has been

observed at low mass fluxes in a few cases [10]. Overall,
upstream-CHF has been addressed by only a small number
of studies, and a comprehensive physical explanation of the
phenomenon is still lacking.

An accurate prediction of the upstream-CHF effect and
the corresponding CHF values remain challenging, as no
established CHF correlations are available that can reli-
ably predict upstream-CHF. In particular, the onset and
axial location of boiling crises are not sufficiently well
understood. Moreover, the spatial propagation of the
abrupt temperature increase associated with upstream-
CHF is highly complex, and the limited availability of
experimental data hinders the development of a new, reli-
able correlation.

Based on the upstream-CHF behavior observed in the
literature attempts were made to understand the back-
ground of this phenomenon. An explanation given by
Groeneveld et al. [12, 13] refers to foam flow and its
behavior. At high mass fluxes, where upstream-CHF is
more likely to occur, the vapor bubbles in a foam flow
tend to be smaller, resulting in a more homogenous foam
layer. This leads to a maximum vapor volume fraction at
the heated wall, which deteriorates the heat transfer char-
acteristics. This leads to a boiling crisis located upstream
from the end of the heated length. Since this attempt to
explain upstream-CHF no further explanation and no
detailed investigation were made.

To justify the use of R-134a as a model fluid for the ref-
erence fluid commonly used in thermal-hydraulic studies,
namely water, it should be noted that it exhibits similar
thermophysical properties and phase-change behavior. Its
vapor-liquid phase boundaries in the pressure-enthalpy dia-
gram are comparable to those of water, allowing meaningful
comparisons of thermodynamic cycles and two-phase flow
behavior. Moreover, the critical pressure and temperature of
R-134a are significantly lower than those of water, which
substantially reduces the technical requirements for experi-
mental facilities. This simplifies facility design and opera-
tion and lowers both setup and operating costs. In addition,
the lower specific heat capacity, latent heat of vaporization,
and thermal conductivity of R-134a reduce the required

Table 1 Experimental investigations of the upstream-CHF phenomenon from literature

Author Fluid Predl-] P [MPa] G [kg/m?s] Dy; [mm] Xenr ]
Waters et al. [11] Water 0.313-0.469 6.9-10.3 6781 11.2 0.1-0.3
Bertoletti et al. [14] Water 0.227 5.0 3900 15.0 0.13
Hassid et al. [15] Water 0.227 5.0 2200 -3800 15.0 0.17-0.30
Groeneveld et al. [12] R-12 0.169 —0.363 0.7-1.5 4100 -8100 7.8 0.08 —0.45
Merilo [16] R-12 0.266 1.1 3400 —5410 12.6 0.10-0.25
Merilo & Ahmad [17] R-12 0.266 1.1 8100 5.3 0.12-0.20
Katto & Ashida [18] R-12 0.484 -0.822 20-34 2700 —7000 5.0 N/A
Yokoya et al. [19] R-115 0.447 —-0.959 1.4-3.0 3270 6540 5.0 0.0-0.2

*N/A=Not available
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heating and cooling power, which further decreases the
operational effort.

The primary objective of the present study is to exper-
imentally investigate the critical heat flux behavior of
R-134a in a wide pressure range, especially close to the
critical pressure over a wide range of operating condi-
tions. In particular, the experiments focus on the influ-
ence of mass flux and inlet subcooling on CHF under high
reduced pressure conditions. For this purpose, systematic
experiments were conducted in vertically heated tubes
with different heated lengths. During the experimental
campaign, a boiling crisis behavior was observed, where
CHF occurred significantly upstream of the outlet loca-
tion. This upstream-CHF phenomenon was not initially
the focus of the study but was analyzed in detail once it
was identified in several experiments. The present work
therefore provides both new CHF data under near-critical
pressure conditions and experimental observations that
contribute to a better understanding of the upstream-CHF
phenomenon.

Cooling Tower

L
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Cooling machine

Chilled
Water Tank [ |

Pressurizer

2 Experimental facility and methods
2.1 Experimental facility

The experiments of this study were carried out at the KIT
Model Fluid Facility (KIMOF), a schematic overview of it
is presented in Fig. 1a. The working fluid used in this study
was the refrigerant R-134a. Circulation of the fluid was
maintained by a coolant pump. Downstream of the pump,
the fluid was preheated either via a burner or an electric
flow heater, depending on the required operating conditions.
For higher mass flow rates, a combination of both may be
used. The mass flow rate was measured using a Coriolis
flow meter, followed by the test section equipped with tem-
perature and pressure sensors, as illustrated in Fig. 1b and
described in more detail in the following section. After the
test section, two heat exchangers were used to ensure the
cooling of the fluid. The first heat exchanger works with a
cooling tower, operating with cooled water and the second
one works with a cooling machine. Both together have a
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a) Schematic set-up of the KIMOF facility

Electric Flow

S
O
=
O
J Flowmeter @
. v
7'y
=4 Connector
wv
v Isolation
Flange
Pin
T.
Inlet "
b) Test section

Fig. 1 Schematic set-up of the KIMOF facility and the test section with the corresponding measurement devices
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total cooling power of 800 W and can ensure a minimum
fluid temperature of —5 °C. To adjust and regulate the pres-
sure in the system, a pressurizer was used, which operates
with oil on the hydraulic side. During the operation of the
facility, a control system ensures the coordinated operation
of the entire setup. The data of the control system as well as
four data loggers provide all relevant measurement param-
eters, which were further used and displayed by LabVIEW.

2.2 Test section

The round test tube had a total length of 3700 mm with an
outer diameter of 12.7 mm and an inner diameter of 10 mm
and was installed vertically. The test tube is made of Alloy
625 which is a nickel-chromium-molybdenum-niobium
alloy and can be used for temperature applications up to
1050 °C. Furthermore, the material exhibits excellent resis-
tance to a wide range of corrosive media [20]. To provide
electrical heating to the test section, two current connectors
were used. These connectors defined a heated length of 3
m during the first experimental session, which was subse-
quently reduced to 1 m for the second session. Two isola-
tion flanges were used to avoid damage to the measurement
devices and other components due to the electrical supply
of the test section. The test section was heated by uniform
direct current (DC) provided by a transformer. In total 60
type-T thermocouples (black dots in Fig. 1b) with a diam-
eter of 1 mm were alternately mounted along the outer side
of the test section. To provide electrical insulation an initial
layer of Hi-Bond HB830 tape with a polyimide layer thick-
ness of 25 um and a silicone adhesive layer thickness of 45
um was attached to the tube. A second layer secured the sen-
sor in place. The first thermocouple was positioned 655 mm
above the lower DC connector. In the lower part of the sec-
tion, the longitudinal distance between each thermocouple
was 60 mm. In the upper part, the distance is reduced to 30
mm, while the last four thermocouples were spaced 15 mm
apart. The final thermocouples were located 5 mm below
the upper DC connector at the end of the heated section. The
reason for the reduction of the axial spacing was to achieve
a higher spatial resolution in the region where the boiling
crisis was expected. The temperature and the pressure of the
fluid at the inlet and outlet were measured with a mineral
insulated type-T thermocouple and a pressure transmitter
of type PXM35, respectively. To ensure a fully developed
hydrodynamic flow at the beginning of the heated section,
an unheated inlet length was provided. The distance between
the entrance of the tube and the first current connector was
either 500 or 2500 mm, which corresponds to inlet length-
to-diameter ratios (L/Dp) of 50 and 250, respectively. To
reduce the heat loss, the test tube was surrounded by two

layers of mineral wool with a total thickness of 50 mm and
a thermal conductivity of 0.035 W/mK.

2.3 Experimental procedure and matrix

The CHF experiments were carried out at constant pres-
sure, inlet temperature and mass flux as quasi-steady-state
experiments. After setting the mentioned parameters, start-
ing with the lowest subcooling temperature, the heat flux
was increased until one thermocouple suddenly detected
a steep temperature jump of at least 10 °C. The increase
of the heat flux was between 0.5 and 2.0 kW/m? for every
step, depending on the operating parameters, with larger
steps at higher heat fluxes. This stepwise increase was
imposed by the transformer characteristics. After each step,
all parameters have to reach a steady state condition. Each
measurement was recorded at 5 Hz. This sampling rate
was sufficient to identify the onset of the boiling crisis and
trigger the safety shutdown, while the quasi-steady-state
approach ensured that the CHF value itself was determined
by the power increment rather than the temporal resolution
of the transient. After the CHF was successfully measured
a higher subcooling temperature was set and the procedure
started again. During one measurement, several parameters
such as the inlet temperature, the mass flux and the pressure
must be kept within a certain range. The tolerance range
of the inlet temperature was kept within + 0.5 ° C and the
pressure within £ 0.03 MPa. For the mass flux a deviation
of 2% was kept. To prevent thermal decomposition of the
refrigerant R-134a, the safety shutdown was set to a maxi-
mum wall temperature of 240 °C, as higher temperatures
could alter the fluid and thus the operating conditions of the
facility. The experimental matrix is shown in Table 2 which
covers a wide range of pressures up to an outlet pressure
near the critical point. The reduced pressure P,.q was cal-
culated using the measured outlet pressure, as the boiling

Table 2 Matrix for the experiments with the 3 m and 1 m heated length

Ly [mm]  Prea[-] P[MPa] ATg,,[°C] G [kg/m’s]

3000 0.70 2.84 [5.0; 65.0] 300,
0.80 3.25 [5.0; 75.0] 600,
0.90 3.65 [5.0; 80.0] 1000,
0.95 3.86 [5.0.83.0) 1200
0.98 3.98 [5.0; 85.0]

1000 0.27 1.10 [15.0; 38.0] 300,
0.42 1.70 [13.5; 55.5] 600,
0.70 2.84 [23.6; 78.6] }(5)88’
0.80 3.25 [30.1; 85.1] 2000,
0.90 3.65 [10.8; 90.8]
0.95 3.86 [21.6; 93.6]
0.98 3.98 [19.1; 96.1]
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crisis generally occurred at the end of the heated section.
Besides that, a wide range of mass flux conditions were cho-
sen, which covers the limits of the KIMOF facility. The inlet
subcooling A Ty, represents the minimum and maximum
values selected for the experiments. The step size between
these values ranged between 2.5 and 10 °C.

2.4 Datareduction

The important data to investigate the critical heat flux will
be shown in this subsection. The critical heat flux gopyp
itself was calculated by Eq. (1).

Uur— Qloss

1
s Lth ( )

qCHF =

U represents the voltage and [ the current, the product of
both corresponds to the electrical power. Qloss describes
the heat loss of the test section. Both are divided by the area
of the heated wall with Ly, as the total heated length and D;
as the inner diameter of the test tube.

The corresponding critical vapor quality z¢c g is calcu-

lated by the following Eq. (2).

hcur — hy

TCHF =
hv - hl

()

in which h; and h, are the enthalpies at liquid and vapor
saturation calculated with the measured outlet pressure,
respectively. hopp represents the enthalpy at the point
where boiling crisis occurs in the heated tube and can be cal-
culated by Eq. (3). Where the inlet enthalpy at the entrance
of the test tube is h;,, which is calculated by the inlet pres-
sure and temperature, and G is the mass flux. Loy rep-
resents the heated length to the thermocouple which detects
the boiling crisis.

4qcHF
GD;

hcur (Lenr) = hin + Lour 3)

In the discussion section, the position of the thermocouples
is used and represented by the relative heated length, which
can be calculated using Eq. (4) by dividing the correspond-
ing thermocouple position Lrg by the total heated length
Lp,.

_ Lrg

=TI, 4)

To calculate the inner wall temperature, the one-dimen-
sional, stationary Fourier heat conduction equation was
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used. The final derivation to calculate the inner wall tem-
perature T, ; is shown in Eq. (5).

L (ivol 2 _ 2 Do (11)0[ _ &
Tos =Tt 1 (02 -0+ 50 (220, — 0 ) (F)  (5)

D, describes the outer diameter of the tube, T, , the mea-
sured outer wall temperature and A ,, represents the thermal
conductivity of the wall. The volumetric heat flux ¢,,; and
the loss of heat flux ;.55 are calculated by Eqgs. (6) and (7),
respectively.

Qloss
ss — 1 1~ 6
Qlos: T LhDo ( )
o AUT
ol = T, (D2~ DY) @

The heat losses Qloss were determined experimentally
using a vacuum-sealed test section in order to eliminate con-
vective heat transfer. Electrical heating power was applied
in several steps, and the corresponding outer wall tempera-
tures were recorded. Based on these measurements, a cor-
relation was fitted to describe the heat loss as a function of
the temperature difference between the outer wall T, , and
the environment temperature 7. The resulting correlations
for both heated lengths were obtained using a least-squares
regression with a second-order polynomial function and are
given by Eq. (8).

Qs = | 5400 1074 (T o — Tu)? +0.314 (T o — To) — 0.212 5
loss 1.87 0 1074(Ty o — Tu)? +0.103 (T, o — To) — 0.017 5

pon®)
The corresponding experimental data and fitted curves
are shown in Fig. 2. As can be seen, the fitted correlations
show good agreement with the experimental data and were
used to correct the electrical heating power during the CHF
experiments.

2.5 Measurement uncertainties

During the CHF experiments the heat flux, outer wall tem-
perature, mass flux, inlet as well as outlet pressure and tem-
perature were measured. The corresponding uncertainties of
the test tube geometry and instrumentations are shown in
Table 3. In addition, the standard deviation and therefore the
uncertainty of the CHF value A ,_,,,. and the critical vapor
quality A ., . was calculated using error propagation, as
shown for gorr in Eq. (9) and indicated in the following
figures. The overall average uncertainty of the CHF values
was calculated to be 3.5% and the average standard devia-
tion for the critical vapor quality is 0.047 with a minimum
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80

Qloss = 5.46 - 10~4(Tyy o — T,)? + 0.314(T,, , — To) — 0.212
~Fitted Qoss(Ly = 3m)
eExperimental data

25 =
[Qross = 1.87 - 1074(T,y, — T,)? + 0.103(Tp — T,) — 0.017

20 —Fitted Quoss(Ly, = 1m)
eExperimental data
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Two— Ty K] Tywo— Ty K]
a) Heat loss determination for the 3 m heated b) Heat loss determination for the 1 m heated
length length
Fig. 2 Determined heat loss as a function of the temperature difference between the outer wall and environment temperature
Table 3 Parameters and manufacturing uncertainties
Tin & Tout Tw,i Pin & Pout m U I Dn S Lh
max. 0.7 °C max. 0.66 °C 0.25% 0.05% 0.03% 1.5% 0.05 mm 10% 0.5 mm

0f 0.013 and a maximum of 0.139. The uncertainty associ-
ated with the heat loss correction was included in the over-
all uncertainty analysis. The average standard deviation of
the heat loss is A 5, = 0.35 W, which corresponds to a
relative uncertainty of only 0.008% with respect to the total
applied heat. The higher standard deviations of the criti-
cal vapor qualities are related to operating points near the
critical pressure, where the heat of vaporization strongly
decreases with increasing pressure. All thermodynamic
properties of R-134a were calculated using the NIST Refer-
ence Fluid Thermodynamic and Transport Properties Data-
base (REFPROP), version 10.0 [21]. Moreover, to check
the installed instrumentations, heat balance tests were con-
ducted under single-phase flow conditions. During the tests,
the enthalpy increase of the fluid was determined in two
independent ways. First, it was calculated from the applied
heating power and mass flow using energy balance. Second,
the enthalpy difference was obtained from the measured
inlet and outlet thermodynamic states using NIST property
data. The mean deviation between both methods was 3.52%
before the experimental session and 2.52% afterwards.

) _ Jtoacur | \* . (04cur , \*, (Oacur
Jq(w*\"w‘( v 2v) T\ Tar A1) TG0, A

To check the reproducibility of the obtained data, experi-
ments were repeated after around 2 months. Overall, the test
runs showed that the experiments can be reproduced well.
The mean relative absolute deviations of all CHF values
were calculated to be 1.91%. Some of the cases, indicated
by the letters A-H, are represented in Fig. 3, which support
the good agreement between the first experiments and the
repeated once.

Due to temperature gradients along the heated tube,
axial heat conduction in the streamwise direction was cal-
culated. The magnitude of this axial heat transfer increases
with increasing temperature differences over short axial
distances. Therefore, the axial heat conduction between
adjacent tube segments was calculated and compared with
the applied heating power of each segment. For the experi-
ments in this study, the maximum contribution of axial heat
conduction within a single segment was found to be 0.69%
of the local heating power, corresponding to approximately
0.16 W. These results indicate that axial heat conduction is
negligible under the present CHF experimental conditions.
The small contribution of the axial heat conduction further
supports the validity of the one-dimensional heat conduc-
tion assumption for Eq. (5).

3 Experimental results and discussion

This section presents the experimental results of the CHF
investigations, especially near the critical pressure. The
effects of critical vapor quality, heated length, mass flux,
and system pressure on the CHF are analyzed. To calculate
the fluid properties at CHF the outlet pressure was used.

3.1 Influence of heated length on CHF

By systematically varying the heated length while keeping
the mass flux and the pressure constant, an approximately
linear relationship between CHF and the critical vapor qual-
ity is observed. This behavior can be directly explained by
the energy balance along the heated section. For a given

@ Springer
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heated length and critical heat flux, the total energy added
along the section has to match the difference between the
inlet enthalpy and the critical enthalpy, according to Eq.
(3). Consequently, shortening the heated length reduces the
energy supplied along the section, requiring a higher inlet
enthalpy to reach the same critical enthalpy. Conversely,
increasing the heated length allows a lower inlet enthalpy
for the same critical enthalpy. In addition, if the critical
enthalpy itself changes, the critical heat flux must adjust
proportionally to satisfy the energy balance, leading to a
corresponding increase or decrease in CHF. This combined
effect of varying both heated length and critical enthalpy
results in a linear extension of the CHF vs. critical vapor
quality curves. The curves corresponding to larger heated
lengths are systematically shifted and extended, producing
the extensions of the curves for two different heated lengths,
shown in Fig. 4a and 4b. This behavior is independent of the
pressure and mass flux as can be seen in the figures.

In addition, the figures show the general trend of the
increasing CHF with decreasing critical vapor quality.
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a) Influence at P,..; =0.90

This can also be explained by the energy balance. As the
critical vapor quality decreases, the liquid volume fraction
increases. Since the liquid can absorb and remove more heat
before dryout occurs, the wall can sustain a higher heat flux
before reaching the critical heat flux.

3.2 Influence of mass flux on CHF

If the CHF is considered as a function of the local criti-
cal vapor quality for different mass fluxes, Fig. 5a and b
show that the influence of mass flux depends strongly on
the critical vapor qualities. At strongly negative local vapor
qualities, as shown in Fig. 5a, the CHF generally increases
with increasing mass flux. This behavior can be attributed
to the higher fluid velocity and the resulting enhancement
of convective heat transfer. In addition, the increased veloc-
ity promotes turbulence, which facilitates the detachment
and removal of vapor bubbles from the heated wall into
the bulk flow during the boiling process [22]. Efficient
removal of vapor bubbles in this regime is important, since
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b) Influence at P,..4 =0.95

Fig.4 Influence of heated length on CHF and critical vapor quality at different reduced pressures and mass fluxes
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Fig. 5 Influence of mass flux on CHF at different reduced pressures for a heated length of 1 m

insufficient bubble detachment can lead to the rapid forma-
tion of an insulating vapor layer at the heated surface. Under
these conditions, CHF behavior is typically associated with
DNB-type mechanisms. In contrast, Fig. 5b shows that at
higher or slightly positive critical vapor qualities the influ-
ence of mass flux on CHF becomes weaker as the mass
flux increases. This behavior is commonly referred to as
the inverse mass flux effect [2]. The reduced sensitivity of
CHF to mass flux under these conditions is often associated
with dryout-type mechanisms. With increasing mass flux,
the interaction between the phases in the near-wall region
becomes stronger, which can enhance the removal of liquid
from the wall region. Consequently, the liquid supply avail-
able for cooling the heated surface may decrease, which
can promote the earlier onset of conditions leading to CHF.
Similar tendencies have been discussed in the literature, for
example by Pioro et al. [23]. It should be noted that a strict
distinction between DNB and dryout is difficult under the
high-pressure conditions investigated in this study. As the
system pressure approaches the critical pressure, the ther-
mophysical properties of the fluid change drastically and
the heat of vaporization decreases significantly. As a conse-
quence, the calculated critical vapor quality becomes highly
sensitive to the heat of vaporization and may therefore result
in very small or strongly negative values. Under such con-
ditions, classical vapor quality criteria that are commonly
used to distinguish between DNB and dryout become less
reliable.

In the present experiments, the distinction between
DNB-type and dryout-type behavior was based on the tem-
poral characteristics of the wall temperature excursion at
the CHF point. Under dryout-type conditions, which were
predominantly observed at higher or slightly positive vapor
qualities, the wall temperature increased gradually, allow-
ing the system to approach a quasi-steady wall temperature
level below the safety limit of 240 °C. This is attributed to
the continued contribution of convective heat transfer in the

post-CHF region, where a vapor core with entrained liquid
droplets maintains partial heat removal from the wall even
after depletion of the liquid film. In contrast, events occur-
ring at strongly negative vapor qualities exhibited a rapid
and pronounced wall temperature rise that consistently
triggered the safety shutdown, preventing the system from
reaching a quasi-steady state condition. This behavior is
characteristic of DNB-type conditions, where a continuous
vapor layer forms between the heated wall and the liquid
core. Since heat transfer is then governed primarily by con-
duction through this vapor layer, whose thermal conductiv-
ity is substantially lower than that of the liquid phase, the
heat removal capability is strongly reduced, resulting in the
observed abrupt temperature excursion. It should be empha-
sized that this interpretation relies on the temporal devel-
opment and stability of the temperature signal rather than
on absolute wall temperature values alone and therefore
remains valid within the thermocouple measurement uncer-
tainty discussed in Sect. 2.5.

3.3 Influence of pressure on CHF

As described in the introduction, the pressure has a sig-
nificant influence on the CHF, which strongly depends on
the fluid properties. Higher pressures lead to lower CHF
values. This is because the enthalpy of vaporization, den-
sity difference, and surface tension decrease with increas-
ing pressure. Conversely, increasing pressure causes an
increase in the specific heat capacity and thermal conduc-
tivity, which contributes to an increase in CHF. Thus, a
combination of several factors interacts with each other,
which influence the CHF depending on the flow quality
and pressure [24]. Mudawar & Bowers [25] as well as
Celata & Mariani [26] reported that early studies showed
the CHF initially increases with pressure in the low-
pressure range, although sometimes only a very small
pressure effect was observed. However, after reaching a
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pressure related maximum, the CHF decreases with fur-
ther pressure increase. A similar behavior was observed
in the experiments conducted in this study, as can be seen
in Fig. 6. While at low pressures the influence of pressure
on the CHF is relatively small, the CHF decreases more
significantly at higher pressures. This decrease becomes
steeper as the pressure approaches the critical pressure.
Once the reduced pressure reaches unity, the boiling
crisis behavior disappears, and the CHF drops to zero
[27]. As the system pressure increases, the CHF values
decrease, which, as previously mentioned, is related to
the strongly changing enthalpy of vaporization, density
difference, and surface tension. The closer the pressure
approaches the critical pressure, the more pronounced
this effect becomes.

The relatively large variation of CHF in a narrow
range of critical vapor qualities observed in the region
of low reduced pressure and comparatively high critical
vapor qualities can mainly be attributed to the scaling
of the diagram as well as the strong influence of pres-
sure in the high pressure region. As the system pressure
approaches the critical pressure, the heat of vaporization
decreases significantly. Consequently, even small varia-
tions in operating conditions can lead to relatively large
changes in critical vapor quality. In comparison, the CHF
characteristic appears disproportionately steep at lower
pressures on the same scale. In addition, the observed
behavior may be related to the so-called limiting critical
quality. Near this condition, the gogr vs. xogp curve

is known to exhibit a sharp decrease, which in some cases
can appear nearly vertical. Since the present experimen-
tal campaign was not specifically designed to investigate
this phenomenon and the available data in this region are
limited, a detailed analysis of this behavior is beyond the
scope of the present work. More detailed discussions of
the limiting critical quality can be found in the literature,
for example in the work of Pioro et al. [28].

3.4 Comparison of experimental results with
existing CHF correlations

In this subsection, two established CHF correlations are
used to predict the experimental CHF results obtained in the
present study. The first correlation is the local condition cor-
relation (LCC) developed by Shah [29], while the second is
the correlation proposed by Song [30]. Both correlations are
formulated in dimensionless form and were evaluated with
CHF data of different fluids, which is why the correlations
are applicable to a wide range of fluids. The corresponding
equations are provided in Appendix Al and A2.

Table 4 summarizes the validity ranges of the Shah and
Song correlation. As can be seen, both correlations cover a
broad pressure range, including conditions close to the criti-
cal pressure. Furthermore, they are applicable over wide
ranges of mass flux and critical vapor quality, extending to
very low negative qualities.

The predicted CHF values for all experimental data
points at the seven investigated pressure conditions are

Fig. 6 Influence of system pres- 300
sure on CHF for a heated length G=1000 kg/mzs %P =0.27
of 3m red
_ 250 #P, g = 042
(o] =
= Pre d 0.70
~ -
g 200 ’FPred =0.80
=< =
,_LH 150 %Pred 0.90
5 Pre q= 0.95
- 100 ’FPred =0.98
50 L 1 I 1 ,
-2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5
X -
CHF [ ]
Table 4 Validity range of the Shah and Song correlation for predicting CHF
Correlation Dy [mm] Prea [-] G [kg/m?s] qcur [kW/m?] XCHF [-] Lcur/Du [-]
Shah [29] [0.32; 37.8] [0.0014; 0.96] [4;29 051] [0.11; 45 000] [-2.7; 1.0] [1.3; 940]
Song [30] [1.9; 24.7] [0.7; 0.97] [121; 10 440] [18; 7770] [-1.77;0.96] -
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shown in Fig. 7. The statistical indicators used to evalu-
ate the correlations include the mean error (ME), the mean
absolute error (MAE), and the root mean square error
(RMS), which are also reported in the figures. The error for
each data point j is calculated according to equation A3
using the predicted CHF value gcyrF, ., and the measured
CHF value qcur;,,.,, from the experiments. The defini-
tions of the statistical parameters are provided in Appendix
A4-A6. The results obtained using the Shah correlation Fig.
7a show a general overprediction of the experimental CHF
values, with a mean error of 47%. Most of this overpredic-
tion occurs at higher reduced pressures above P,.q = 0.7.
The RMS value of 86.8% indicates that several predicted
data points deviate significantly from the experimental
results, particularly for lower CHF values where the cor-
relation shows limited predictive capability. In comparison,
the Song correlation Fig. 7b provides improved agreement
with the experimental data. Overall, the correlation tends to
underpredict the measured CHF values with a mean error of
19.3%. The RMS value of 37.7% indicates a substantially
smaller scatter compared to the Shah correlation. However,
for both correlations it can be observed that the prediction
accuracy decreases at higher reduced pressures, where CHF
values are generally lower.

4 Upstream-CHF

In the present study, upstream-CHF was primarily observed
in the 1 m test section at high mass fluxes, although it also
occurred at 300 kg/m?s in some cases. In contrast, no
upstream-CHF was detected with a heated length of 3 m. An
overview of the parameters under which this phenomenon
occurred is provided in Table 5. It is evident that the effect
was mainly observed at pressures near the critical point.
The parameter Ny, indicates the number of experiments
in which upstream-CHF was detected. A closer look at the

10% ¢

Shah-Correlation:
ME = 0.470

MAE = 0.528
RMS =0.868

qCHFcor [kW/m?’]

[KW/m?]
a) Shah-Correlation [29]

qCHFmeas

Fig.7 Experimental CHF g gy

meas

compared with CHF predicted by the correlations ¢ g7

Table 5 Parameter range of the upstream-CHF experiments in L, = 1m

Pred ['] G [kg/mzs] Xin ['] XCHF ['] dcHF [kW/mz] Nexp
[-]
0.95 1000 [-3.88;  [-1.97; 210.6 -313.1 6
~2000 3251 -147]
0.98 300-2000 [-10.53; [-3.19; 84.2-311.2 34
4.08] -1.31]

operating conditions shows that this phenomenon tends to
occur with strong inlet subcooling and generally high mass
fluxes, consistent with the investigations by Groeneveld
[31]. As indicated in Table 5, the occurrence of upstream-
CHF relative to the total number of experiments is low for
the present dataset, suggesting that it is restricted to a nar-
row range of operating conditions. In the present study, the
term upstream-CHF is used to describe CHF events that
occur upstream, before the end of the heated length where
CHF is typically expected under conventional conditions.
Upstream-CHF was observed within a relative heated
length of 0.665 < z < 0.965. It should be noted that this
definition does not imply that CHF occurs near the inlet or
middle of the heated section, but rather at any axial position
upstream of the end of the heated length. The reason why
upstream-CHF was not observed in the experiments with a
heated length of 3 m is that the required extreme thermal—
hydraulic conditions could not be achieved in this configura-
tion. Owing to the very low inlet vapor quality, substantially
higher heat fluxes are required in the 1 m heated tube to
reach the boiling crisis compared with the 3 m test section.
As a consequence, the bulk flow in the shorter tube remains
strongly subcooled over a larger portion of the heated
length, particularly at high mass fluxes.

Under these conditions, boiling in the core flow is sup-
pressed while the wall temperature can increase signifi-
cantly, allowing more extreme local thermodynamic states
to be reached. In the 3 m heated tube, however, the boiling
crisis occurred at lower heat fluxes and higher critical vapor
qualities. Furthermore, it was not possible to reduce the inlet

103 -
Song-Correlation:

ME =-0.193

qCHFmeas [kW/m?]
b) Song-Correlation [30]

cor
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temperature sufficiently to reproduce the strongly subcooled
conditions present in the upstream-CHF experiments. As a
result, the extreme local conditions required for upstream-
CHF could not be achieved in the longer test section.

An example of an instantaneous wall temperature pro-
file shortly after the onset of the boiling crisis, in which
the upstream-CHF phenomenon was observed, is shown
in Fig. 8a. For comparison, Fig. 8b presents an experiment
where the boiling crisis occurred at the end of the heated
length. During the experiments it was carefully checked if
the system parameters show fluctuations. The flow param-
eters remained stable throughout the tests and did not have
oscillations that could have triggered the upstream-CHF
effect. That such oscillations do not contribute to the onset
of upstream-CHF has also been confirmed in earlier stud-
ies [10, 11]. Upstream-CHF is often followed by sudden
temperature rise in its surroundings, until the boiling crisis
eventually reaches the end of the heated length [12]. This
behavior has also been described in the literature [10] and
is sometimes referred to as a ‘distributed boiling crisis’ [17]
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4.1 Critical heat flux vs. critical vapor quality

As reported and described by Groeneveld [13] and Kitto
[10], a local minimum can occur in the trend between CHF
and the critical vapor quality. Other researchers, such as
Merilo [16], observed a more horizontal trend within the
curve. In the present study, both types of trends were identi-
fied. For example, Fig. 9a shows the relationship between
CHF and critical vapor quality at high mass flux conditions
with a distinct local minimum. This minimum is attributed
to the occurrence of upstream-CHF. When the boiling crisis
occurred upstream, the resulting CHF values were in some
cases significantly lower than expected. Similar behavior
has been reported in the literature and is associated with the
local minimum in the CHF vs. critical vapor quality curve
described by Groeneveld and Kitto. As the critical vapor
quality increases, the CHF initially decreases. However,
once the boiling crisis occurs again at the end of the heated
section, the CHF increases before decreasing again with a
negative gradient as the critical vapor quality continues to
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Fig. 8 Axial temperature profiles for CHF experiments with a boiling crisis occurring upstream (a) and at the end (b) of the heated length for a

selected time step
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Fig.9 CHF vs. critical vapor quality trend at a reduced pressure of P,,, = 0.98 and different mass fluxes

@ Springer



Heat and Mass Transfer (2026) 62:71

Page 130f20 71

rise. This behavior reflects the transition from upstream-
CHF to conventional CHF at the outlet of the heated sec-
tion. Another example is shown in Fig. 9b for low mass flux
conditions, where the CHF remained nearly constant across
increasing critical vapor qualities as long as the boiling cri-
sis occurred upstream. As soon as the boiling crisis occurred
again at the end of the heated length, the CHF began to
decrease as the critical vapor quality increased.

It should be noted that the CHF location corresponding
to the upstream-CHF data points shown in Fig. 9a and 9b
can be identified from Fig. 12, where the axial CHF position
along the heated length is plotted together with the corre-
sponding zcmF values.

4.2 Development of the boiling crisis under
upstream-CHF conditions

This subsection illustrates the progression of the boiling cri-
sis under upstream-CHF conditions. As mentioned before,
the boiling crisis can spread to varying degrees around the
initial starting point of upstream-CHF. Figure 10a shows
this development by displaying the wall temperature pro-
file as a function of the relative heated length z at different
time steps. At =924 s, the onset of the boiling crisis can be
identified at a relative height of z=0.845, indicated by the
blue curve showing a small temperature peak. As time pro-
gresses, the wall temperature at z=0.845 continues to rise.
In addition, the thermocouples located near this position
also begin to detect increased temperatures, showing the
spread of the boiling crisis along the heated surface. Figure
10D further illustrates the temporal evolution of this process.
The temperature rise at z=0.845 is shown by the light blue
curve, while the surrounding thermocouples show a delayed
temperature rise. This indicates that the boiling crisis ini-
tially spreads downstream, as seen with the green (z=0.875)
and the purple (z=0.905) curve, and then spreads upstream,
as shown by the pink (z=0.815) and dark blue (z=0.785)
curves. It should be emphasized that the heat flux remains
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Fig. 10 Development of the boiling crisis under upstream-CHF conditions

constant throughout the upstream-CHF process, which con-
firms that the observed temperature increase is not caused
by an increase of power. Compared to the sharp temperature
excursions typically observed in conventional CHF experi-
ments, where the boiling crisis occurs near the end of the
heated length, the wall temperature rise under upstream-
CHF conditions develops more gradually. This observation
aligns with findings from earlier studies, such as those by
Waters et al. [11] and Kitto et al. [10], and can be observed at
the corresponding times indicated in Fig. 10. It took approx-
imately 48 s for the wall temperature to reach a maximum
value of about 200 °C. The spreading of the boiling crisis to
neighboring locations is mainly attributed to the decreasing
local heat transfer once a vapor layer forms at the heated
surface. Under these conditions, the wall must dissipate the
same imposed heat flux with a significantly reduced heat
transfer coefficient, which leads to a progressive increase
in wall temperature at adjacent locations. In addition, axial
heat conduction within the tube wall may contribute to the
delayed temperature increase observed at neighboring ther-
mocouple positions and therefore support the propagation
of the boiling crisis along the heated surface.

To verify the reproducibility of the upstream-CHF exper-
iments, a selection of tests was repeated approximately one
month after the first experiments. During the repetitions,
it became apparent that this phenomenon is highly sensi-
tive and, in some cases, difficult to replicate. The ability
to reproduce the behavior depends on how accurate the
experimental parameters in the repeated experiments can be
matched to those of the first experiments. Since the experi-
ments were conducted close to the critical pressure, even
small pressure deviations are expected to lead to notice-
able discrepancies due to the significant impact of minor
changes on the fluid properties. The inlet temperatures of
each upstream-CHF experiments in one session were also
very close to each other. The step size was only 2.5 °C. As
a result, even small deviations in inlet temperature can lead
to differences in CHF and critical vapor quality. An analysis
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of the repeated data provides the mean absolute errors of the
upstream-CHF to be 2.58%.

It was also essential to verify whether the axial positions
at which upstream-CHF occurs are reproducible. Figure
11 presents an example demonstrating this reproducibility.
It is clearly observable that the temporal evolution during
upstream-CHF is identical in both cases. For instance, in
both the first experiment Fig. 11a and the repeated experi-
ment Fig. 11b, the boiling crisis begins at a relative heated
length of z=0.845. Almost simultaneously, the temperature
rise spreads to the two thermocouples located upstream
(z=0.815 and z=0.785) as well as to the downstream ther-
mocouple (z=0.875). The sequence of temperature rises
follows the same pattern in both experiments. This repro-
ducibility is always given as long as the CHF value and
the critical vapor quality match well between the first and
the repeated experiments carried out under upstream-CHF
conditions.

4.3 Factors influencing the position of upstream-
CHF

This part of the work analyzes the factors that influence the
onset position of upstream-CHF. Since the upstream-CHF
phenomenon in this study was only observed at two differ-
ent pressure levels and due to the limited number of data
points obtained at a reduced pressure of P,.q = 0.95 the
influence of pressure cannot be investigated in detail. There-
fore, the analysis focuses on mass flux and critical vapor
quality under constant pressure conditions. To investigate
the influence of the local critical vapor quality, Figure 12
presents the position of the onset of the boiling crisis zogp
as a function of the local critical vapor quality xcmp at
various mass fluxes. It can be observed that at a mass flux of

300 kg/m?s, the initial position of the boiling crisis does not
follow a clear trend. At mass fluxes of 600 kg/m?s and 1000
kg/m?s, no direct influence of the local critical vapor quality
on the position of the boiling crisis at the onset of upstream-
CHF could be identified either. Only at higher mass fluxes
of 1500 kg/m?s and 2000 kg/m?s was a slight influence of
the local critical vapor quality observed. In these cases, the
critical position of the boiling crisis shifted upstream with
decreasing local critical vapor quality. Overall, however,
it can be concluded that the influence of the critical vapor
quality on the position of the boiling crisis should be consid-
ered as relatively small. Furthermore, the figure shows that
significantly fewer upstream-CHF points could be detected
at lower mass fluxes.

Figure 13 shows the influence of mass flux on the critical
position of the boiling crisis at constant inlet temperatures.
It becomes evident that the critical position of the boiling
crisis shifts further upstream as the mass flux increases.
This effect is especially pronounced at lower inlet tempera-
tures. This finding could explain why upstream-CHF was
observed much further upstream in experiments reported in
the literature. As shown in Table 1, the mass fluxes in those
studies were in some cases significantly higher than those
achieved in this study. However, higher mass fluxes could
not be realized in this study due to the limited power of the
transformer.

Furthermore, the results suggest a trend where higher
pressures may facilitate the appearance of upstream-CHF
even at lower mass fluxes, since literature primarily reports
experiments conducted at comparatively low pressures,
where upstream-CHF was detected at high mass fluxes.
These results therefore support previous findings that
upstream-CHF tends to occur under conditions of very high
mass flux and low inlet quality.
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Fig. 11 Reproducibility of wall temperature development under upstream-CHF conditions

@ Springer



Heat and Mass Transfer (2026) 62:71 Page 150f20 71
: 1 [ ~—
T 0.8 < it
: 2
S | | @G =300 kg/m"s
-1.45 -14 -1.35 -1.3
o 1 T T
= 08 ¢ ¢ 02_
N | | | | 4G = 600 kg/m’s
-2.45 -2.4 -2.35 -2.3 -2.25 -2.2 -2.15
o 1 T T \ \ \
= 0.8 2
N 0.6 J | ! ! G =1000 kg/m”s
-3.2 -3.1 -3 -2.9 -2.8 -2.7 -2.6
T 1 I | { { {
Z 08 m - et gy )
g 0.6 J | ! | G =1500 kg/m”s
-3.1 -3 -2.9 -2.8 -2.7 -2.6 -2.5
- 1 I I
= e = 2
= 0.8 G =2000 kg/m"s
© Y —— . ——  — H—k‘*
N 0.6 [ [
-3.2 -3.1 -3 -2.9 -2.8 -2.7 -2.6 -2.5
X -
CHF -]
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4.4 Possible reason and explanation for the
development of upstream-CHF

Since the explanation of Groeneveld [12] is not further sub-
stantiated and a more detailed analysis of upstream-CHF
data is lacking in the literature, a new possible explanation
is proposed in this work. To explain the observed upstream-
CHF behavior, the phenomenon of homogeneous nucle-
ation is considered. This refers to the sudden vaporization
of the liquid in the adjacent area to the heated wall as soon
as a critical degree of superheat is exceeded. Homogeneous
nucleation represents the lowest possible extension of a lig-
uid state within the metastable region and occurs without
any nucleation. In contrast, heterogeneous boiling, which
is by far the more common form of boiling in practical
applications, involves bubble formation triggered by exist-
ing nucleation sites. The following paragraph examines the
behavior of the homogeneous nucleation temperature and its
physical limitations. At constant system pressure, homoge-
neous nucleation represents the maximum achievable tem-
perature of a liquid below the critical temperature at which
no phase transition has yet occurred. Once this critical state

is exceeded, phase change takes place abruptly, and the lig-
uid suddenly vaporizes [32].

To determine the homogeneous nucleation temperature,
the so-called spinodal line is widely used in literature. It
marks the boundary between metastable and unstable states
and considers the absolute stability limit of the liquid phase.
Once this line is crossed, even the smallest density fluctua-
tion leads to immediate phase separation without the need
for nucleation. Lienhard et al. [33] analyzed experimental
data and based on that, they developed Eq. (10) to describe
the spinodal line. This equation allows the calculation of the
homogeneous nucleation temperature Ty for water as a
function of system pressure (Tsq¢ ~ f (P)) and the criti-
cal temperature 7:

Tsat Tsut ’
Tiy = T + T o | 0923 — S5 +0.077 0 (20 (10)

If the given equation for the limit of liquid stability is plot-
ted as a function of the reduced pressure, it becomes evident
that the homogeneous nucleation temperature increases with
rising pressure. However, when considering the difference
between the homogeneous nucleation temperature ( 7 )
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Fig. 13 Position of the boiling crisis z¢ g F under upstream-CHF conditions as a function of mass flux G at Preq = 0.98 and different inlet

temperatures

and the saturation temperature ( Ts,¢), it becomes clear that
this difference continuously decreases as pressure increases.
The curve asymptotically approaches the saturation temper-
ature and eventually reaches the critical temperature at the
critical pressure, where the difference disappears entirely
(Tsat (Pc) =T, = THN)-

To quantify this behavior for the present study, calcula-
tions based on Classical Nucleation Theory (CNT) com-
bined with thermodynamic properties obtained from the
fundamental equation of state by Tillner-Roth and Baehr
[34] were performed. These calculations provide an esti-
mate of the homogeneous nucleation temperature 7y for
the investigated pressure range.

The results indicate that at a high reduced pressure of
Preq = 0.95, the estimated homogeneous nucleation
temperature (Tyy ~ 99.46 °C) is only about 0.9 °C
above the saturation temperature (754t ~ 98.53 °C).
At Pr.q = 0.98, the difference becomes even smaller,
with Tyy ~ 100.57°C and T,,: =~ 100.07 °C. These
results illustrate that the metastable region of the liquid
phase becomes extremely narrow as the system pressure
approaches the critical pressure. Consequently, even small
local temperature excursions may bring the liquid close to
the limit of thermodynamic stability.

@ Springer

Figure 14a and 14b show exemplary temperature pro-
files at the inner surface of the heated wall immediately
before the final power increase that leads to the occurrence
of upstream-CHF. These illustrations represent the location
of the upstream-CHF along the relative length, the saturation
temperature and the estimated homogeneous nucleation tem-
perature corresponding to the investigated pressure. In addi-
tion, the wall temperature profiles at different times after the
onset of upstream-CHF are shown separately in the right-hand
figures. It should be noted that the homogeneous nucleation
temperature derived from CNT represents the thermodynamic
stability limit of the liquid phase. In a flowing boiling system,
however, the temperature of the liquid directly adjacent to the
wall may differ from the calculated inner wall temperature
due to convective transport, microlayer evaporation, and tur-
bulent mixing effects. Consequently, the comparison between
the calculated homogeneous nucleation temperature and the
measured wall temperature should be interpreted qualitatively,
indicating that the local thermodynamic conditions approach
the stability limit of the liquid rather than representing an exact
triggering condition for the onset of upstream-CHF.

If the heat flux increases further, the wall temperature at the
previously identified local maximum continues to rise. Under
such conditions, the thermodynamic state of the liquid adjacent
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Fig. 14 Inner wall temperatures
CHEF (right) for different flow conditions

to the heated wall may approach the stability limit of the meta-
stable liquid phase. According to classical nucleation theory,
vapor bubbles may then form spontaneously. The rapid forma-
tion of vapor bubbles can lead to the development of a vapor
layer that significantly reduces the local heat transfer from the
wall to the fluid. As a consequence, the heated surface can no
longer be cooled effectively, which results in the onset of boil-
ing crisis and therefore in an increase in wall temperature. In
the present experiments, this process appears at the axial loca-
tion where the local wall temperature maximum is observed,
thereby triggering the upstream-CHF phenomenon.

It is noteworthy that this local temperature maximum
does not occur at the downstream end of the heated sec-
tion but rather at the axial position where upstream-CHF
later develops. The physical mechanism responsible for the
formation of this upstream temperature peak could not be
conclusively identified within the present study. However,
the observed temperature profiles indicate that local ther-
modynamic conditions may develop upstream that favor the
formation of metastable liquid states and the possible onset
of homogeneous nucleation.

T,,; along the relative length = before the last heat flux increase (left) as well as the development during upstream-

5 Summary

This paper presents an experimental investigation of the
critical heat flux in a wide range of pressures and the obser-
vations of the upstream-CHF with R-134a in a vertically
installed tube. A comprehensive database was obtained,
with which the following results were found after detailed
post-processing:

e [t was presented that a change of the heated length from
3 m to 1 m consistently extends the CHF vs. critical va-
por quality curve. The respective curves aligned almost
seamlessly. Furthermore, it was shown that the CHF de-
creases almost linearly with the increase in the critical
vapor quality.

e In addition, the influence of mass flux on CHF was
investigated as a function of the local critical vapor
quality. The results show that at strongly negative va-
por qualities, where DNB-type mechanisms dominate,
CHF generally increases with increasing mass flux. In
contrast, at higher or slightly positive vapor qualities,
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where dryout-type mechanisms become more relevant,
the sensitivity of CHF to mass flux decreases. This trend
is consistent with the inverse mass flux effect reported
in the literature. It should be noted that under the high-
pressure conditions investigated in this study, a strict
distinction between DNB and dryout mechanisms be-
comes increasingly difficult.

Also, the pressure influence on the CHF was investi-
gated. It is obvious that pressure has a great influence on
the CHF. In lower pressure region the influence of pres-
sure was relatively small, but the CHF decreases more
significantly at higher pressure. This can be explained
by the dramatic change of the fluid properties near the
critical pressure.

Moreover, the so-called upstream-CHF was observed
during the experiments, where the point of boiling crisis
is shifted upstream the heated length. It was discovered
that the boiling crisis spreads around the starting point,
and the development of the phenomenon can be repro-
duced well. Besides that, it was shown that increasing
mass flux as well as decreasing critical vapor quality
shifts the starting point of the upstream-CHF further
upstream.

An explanation for the upstream-CHF phenomenon
was proposed that considers the possible influence of
homogeneous nucleation. The experiments revealed
that the inner wall temperature profiles exhibit a local
maximum before the occurrence of upstream-CHF. As
the heat flux increases, the fluid adjacent to the heated
wall reaches the metastable region of the liquid phase.
Under such conditions, rapid vapor generation within
the superheated liquid may become possible. The sud-
den formation of vapor bubbles can locally decrease the
heat transfer and promote the formation of a vapor layer
at the wall. As a result, the heated surface can no longer
be cooled effectively, which leads to an onset of boiling
crisis and therefore, to an increase in wall temperature.
In the present experiments, this process appears to begin
at the axial location where the local wall temperature
maximum is observed, thereby triggering the upstream-
CHF phenomenon.

The identification of such local wall temperature max-
ima preceding upstream-CHF provides useful insight
into the spatial development of boiling crisis under near-
critical pressure conditions. These findings may support
future experimental investigations and contribute to im-
proving the understanding and modeling of upstream-
CHF behavior in high-pressure boiling systems.
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Appendix 1

Shah (LCC) correlation [29]:
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