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Abstract

In this study, an experiment to explore the surface temperature rise
of an artificial dry patch at different heating powers was done. Then
under specific sizes of the dry patches, the influences of these
factors on thermal stress were thoroughly investigated through
sensitivity analyses of factors such as the thickness of the heated
wall surface, the location of the dry patch, and the thermal
conductivity of the heating surface. It is found that in the case of
CHF occurrence, even though the local maximum temperature
inside the dry patch is much lower than the melting point of the
material, the thermal stress caused by the dry patch exceeds the
yield strength of the material, which triggers irreversible plastic
deformation. Therefore, the heated wall fracture caused by thermal
stress will occur prior to wall melting. At the same time, this study
also found that changing the thickness of the stainless steel base
plate and the thermal conductivity of the material both affect the
maximum temperature in the dry patch region. Reducing the
thickness of the heating plate makes the temperature in the dry
patch region increase, which leads to a dramatic increase in the
thermal stresses inside the material. Increasing the thermal
conductivity of the material can flatten the temperature field, and
the equivalent stresses also decrease.
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1. Introduction

CHEF is a long-standing research topic owing to its rich behavior and many applications,
a unified theoretical explanation has not yet been developed. Among the existing theoretical
models, the hydrodynamic instability model, the microlayer dry-out theory, and the dry patch
theory are considered to describe CHF better within a certain range. The hydrodynamic
instability theory, first proposed by Kutateladze and Zuber [1,2], suggests that the upflow
steam stops the downflow liquid, triggering CHF, when the difference in velocities between
the vapor and liquid phases is greater than a critical value. In other words, the wall surface is



no longer wetted by the liquid phase, leading to a decrease in the cooling effect, which
triggers a temperature increase. According to the heat flux correlation of the
Kutateladze-Zuber model, the model suggests that the CHF depends only on the physical
properties of the fluid and is independent of the material properties of the boiling surface. The
microlayer dryout model proposed by Haramura and Katto [3], on the other hand, assumes
that CHF occurrence requires the complete evaporation of the liquid microlayer under the
bubble before the bubble departure. In addition, Ha and No [4,5] proposed the concept of
unguenchable and quenchable dry patches at high heat flux, where the surrounding liquid is
unable to wet the dry patch when the number of surrounding bubbles exceeds a certain critical
value, hindering heat removal and eventually leading to the occurrence of CHF.

In past studies, CHF has been regarded as a hydrodynamic or bubble-dynamic
phenomenon, and most of the empirical correlations are based on liquid-side parameters
independent of the heated wall condition. Obviously, if the bubbles have a strong relationship
with CHF the surface condition can not be ignored. Many studies have emphasized that CHF
may be closely related to the properties of the heated wall surface. For example, Tachibana
[6] et al. investigated the effect of heater thermal properties on CHF, Costello and Frea [7]
demonstrated that CHF increased with increasing deposits by varying the thickness of
deposits on the cylinders. And Howard and Mudawar [8] investigated the effect of different
arrangement directions of the heater on CHF, and found that CHF has a unique mechanism of
occurrence. References [9,10] also showed that the occurrence of CHF is closely related to
dry patches on the heated wall. Gong et al. [11] observed the evolution of bubbles and dry
patches in the boiling liquid film by using a high-speed camera, and found that the large dry
patches leading to CHF propagate from the edge of the heated zone to the center. They
concluded that the critical thickness depends on the evaporation rate or heat flux and observed
a stable unquenchable dry patch by thinning the liquid film. Chu [12,13,] and others
developed techniques for the simultaneous display of bubble growth and dry patch growth
using visualization techniques. The careful observation of the water boiling heat transfer
process by these two techniques focused on the dynamics of the unquenchable dry patch.
They proposed that as bubbles leave the wall, a small residual drying zone is left behind at the
wall, which is surrounded by strong bubble nucleation, and the rapid expansion of the dry
patch triggers the growth of the unquenchable dry patch, which leads to the CHF. Although
these techniques succeeded in explaining the triggering mechanism of the CHF and provided
good physical insights, they did not measure the localized temperature distributions within the
actual dry patch region, which may be a key parameter in the study of nuclear-boiling heat
transfer stability.

2. Dry Patch Model

A study by Chu et al. [13] found that during the process of generating dry spots,
aggregation occurs between these dry spots to form larger dry patches. Further in-depth
studies have carefully categorized dry spots into hot and cold spots based on the work of
Bernardin et al. [14]. The presence of dry spots is greatly dependent on the superheat of the
wall, which determines bubble nucleation and bubble residence time. When a bubble is
created, a very thin layer of liquid, known as a liquid microlayer, forms below the bubble. If



the presence of other bubbles in the surrounding area prevents the liquid from entering the
microlayer under the center bubble, this microlayer quickly dries out, resulting in the
formation of a dry spot. As the heat flux increases, the bubbles polymerize and begin to turn
into mushroom-shaped bubbles, while the dry spots aggregate to form dry patches. When the
mushroom-shaped bubbles leave the wall due to buoyancy, some of the dry patches under the
bubbles are completely rewetted, called quenchable dry patches, and some are not rewetted,
called unquenchable dry patches. Therefore, after an unquenchable dry patch is created, the
departure of bubbles will not affect the dry patch, and the temperature inside the dry patch
will continue to rise. Throughout the cycle, even when the mushroom bubbles are detached
from the wall, the unquenchable dry patches remain and expand with a further increase in
wall temperature, eventually triggering CHF.

On this basis, Choi and No [15] proposed two conditions for generating the formation
of an unquenchable dry patch with a critical size:

Hydrodynamic criterion: The number of dry spots must reach a critical level where all
dry spots are in contact with each other, and dry spots larger than the critical number are
needed to polymerize with each other to form dry patches.

Thermal Criteria: The peripheral temperature of the dry patch needs to reach the
Leidenfrost temperature. The Leidenfrost temperature is regarded as the peripheral
temperature for an unquenchable dry patch. When the temperature around the dry patch
reaches the peripheral temperature, the liquid cannot come into contact with the heater,
making it impossible for the dry patch to rewet and remain dry.

For metals, the Leidenfrost temperature of water is about 173-200°C [16]. However, it
has been shown that the temperature of the dry patch at the onset of CHF is much lower than
the Leidenfrost temperature, with specific experiments observing critical temperatures
commonly around 150°C [17-19]. In the calculations, the size of the dry patch that satisfies
the condition of an unquenchable dry patch is controlled to ensure that its temperature is
higher than the Leidenfrost temperature. In addition, the distribution of nucleation sites was
described by introducing the Poisson distribution equation. Finally, based on the assumption
of an unquenchable dry patch, a computational model for generating the critical size of an
unguenchable dry patch is proposed.

In pool boiling experiments, there is no accurate experimental value for the diameter of
the unguenchable dry patch. In current visualization experiments, the heated wall material is
often chosen to be a light-transmitting sapphire liner to facilitate direct observation of the
unguenchable dry patch, which leads to a large difference between the experimental heated
wall material and the metal material used in real engineering. The size of the unquenchable
dry patch is related to the material properties of the heated wall. According to the reference
[10], the diameter of the unquenchable dry patch is estimated by calculating the critical
liquid-solid contact temperature, such as copper heated surfaces, the diameter of the
unguenchable dry patch is around 10-23 mm, and nickel metal surfaces, the diameter of the
unguenchable dry patch is around 2.25 mm.



3. Experiment

3.1. Experimental equipment

Figure 1 illustrates a schematic diagram of a pool boiling experimental setup. The
structure and thermocouple arrangement are shown in Figure 2. At the bottom of the device is
a heating body copper block with dimensions of 110.0 mmx110.0 mmx50.0 mm.. The upper
end of the copper block is equipped with a stainless steel box measuring
110.0mmx110.0mmx=200.0mm. A stainless steel tube, with an inner diameter of 10.0mm,
height of 200.0mm and a thickness of 2.0mm, is welded at the center of the bottom. The
thermocouples numbered CH237 are positioned at the center of the circle to measure the local
temperature. The outside of the whole equipment was wrapped with a 6cm-thick asbestos for
insulation. Other thermocouples were inserted through the asbestos layer into the temperature
measurement holes of the copper block and fixed in the simulated drying zone.

In the experiment, the body of the copper block was heated through 17 heating tubes
and the bottom of the stainless-steel box was heated by the copper block. A sufficient amount
of water was added to the stainless steel box on the copper block and a small amount of water
was added to the simulated drying zone and heated to boiling. The heating power was then
adjusted by regulating the output voltage of the regulator to increase the heat flux at the
bottom of the box gradually. Due to the high requirements for direct measurement of the
internal stresses in the material, monitoring of the temperature at the center of the heat
transfer deterioration zone was used. Temperature data acquisition was carried out by means
of a Keithley Model 7708 40-channel data acquisition card and a Keithley Model 2750 digital
multimeter to monitor the temperature field of the copper block, especially the rise of the wall
temperature after the water in the center tube was drained. In fact, this experiment is not a real
CHF test. The Heat transfer deteriorates due to the artificially drying of water instead of
bubbling. The experiment done here is to illustrate the accuracy of the latter calculation model
of the dry patch temperature.
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Figure 2. The arrangement of thermocouples

3.2. Experimental data

Figure 3 shows the results of three cases by CH237 thermocouple measurements. Using
the thermocouples in the body of the copper block, the heat flux transferred to the bottom of
the stainless steel box can be obtained. In the first test, the average bottom heat flux was
approximately 0.520W/mm?. However, when a larger heat source was applied to the copper
block body, due to the thicker body and higher internal temperature of the copper block, the
maximum temperature inside the block easily exceeded the melting point. So in cases 2 and 3,
the average bottom heat fluxes were around 0.394W/mm? and 0.300W/mm?. The experiment
is not a direct simulation of CHF; the purpose of the experiment is to validate the temperature
rise pattern in the center of the dry patch, and thus compare it with the simulated data to
verify the accuracy of the model.

It should be further noted that in cases 1, 2, and 3, different rates of power increase
resulted in differences in the dry patch evaporation process. In case 1, the water in the center
of the circular tube was gradually burnt dry, a relatively slow process. In this case, the
temperature of the heating surface in the center of the round tube started to rise slowly and the
temperature rise curve showed a relatively smooth characteristic. However, when the water
was completely evaporated, the temperature rise curve became steeper and the rate of
temperature rise increased significantly. In contrast, in cases 2 and 3, the rate of increasing
power was faster. The formation of dry patches was simulated by artificially draining the
water in the round tube. In such a way that there was no need to wait for the gradual
evaporation process of the water. As a result, once the water in the round tube is completely
drained, the temperature immediately starts to rise rapidly and the temperature rise curve
shows a sharp upward trend.
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Figure 3. Temperature curves at the center point of the artifical dry patch in cases 1, 2
and 3

4. Simulation

4.1. model

When using ANSY'S Workbench for the simulation the model is simplified in order to
focus on the temperature situation at the boiling surface. Only stainless steel bases are
considered in geometric modeling. The copper block is looked as a homogeneous surface heat
source for the stainless steel pool. In the simulation, the wetting zone by adding a sufficient
amount of water to the stainless-steel box was modeled, while a small amount of water was
added to the simulated drying zone and heated to boiling. The model is shown in Fig 4. The
dimensions of the stainless steel base plate are 110.0 mmx110.0 mmx2 mm. Since the
simulation process is more concerned with the temperature and stress distribution in the
region where the dry patch is located on the boiling surface, the dry patch as well as the

surrounding region is refined appropriately with the number of nodes in the model being
75580 and the number of elements being 41500.

Figure 4. Stainless steel plate as well as dry patch model drawing

The state before the simulated drying zone evaporates to dryness was set as a steady
state, at which time the heat transfer coefficient was kept the same as that of the wet surface.
Once the simulated dry zone is evaporated completely, the dry patch area was set as an
adiabatic surface because the heat transfer coefficient of the dry patch located in the center of
the surface is significantly lower than that of the surrounding nuclear boiling zone. In the
experiments, the outer wall surfaces of stainless steel and copper blocks were wrapped with
asbestos, so the simulation process considered that the stainless steel only dissipated heat
through the boiling surface, and the other walls were adiabatic. The heat transfer coefficient



of the boiling surface was set to the value of h measured in the experiment [20], where the
convective heat transfer coefficient varied between 28,000 and 33,000, and was uniformly
taken to be 30,000 in this calculation. Transient calculations were performed next, where the
heat was applied from the lower side of the surface and transferred to the upper surface
through the heater, which had a thickness of 2mm. The stainless steel material parameters
used in this experiment are shown in Table 1.

Table 1. The stainless steel material parameters

Item Value
Density 7750 kg/m?
Coefficient of Thermal Expansion 1.7X10°K*
Young’s Modulus 1.93%X 10" Pa
Poisson’s Ratio 0.31

Tensile Yield Strength 207 MPa
Compressive Yield Strength 207 MPa
Tensile Ultimate Strength 586 MPa
Isotropic Thermal Conductivity 15.1 W/m-K
Specific Heat 480 J/kg-K

4.2. Dry patch

During the experiment, the stainless steel tube wall is in contact with water on the
outside and air on the inside, and the thickness of the stainless steel tube wall is 2 mm. Some
heat will be transferred into the air through the tube. However, the heat transfer is certainly
not as strong as the external nuclear boiling. It looks like the dry zone was expanded. This
factor was taken into account when predicting the dry patch radius of the actual dry patch,
which was set to 5 mm, 6 mm, and 7 mm for simulations, respectively.

The simulation results are shown in Fig. 5. In case 1, the maximum wall temperature
decreases rapidly after reaching 360°C. It is hypothesized that the actual steady-state
maximum wall temperature will not exceed 360°C. By comparing the steady-state maximum
temperatures of different sizes of dry patches with radio of 5 mm, 6 mm, and 7 mm, we
believe that it is more accurate to use a 6 mm dry patch, and then the 6mm dry patch
modeling was also used to simulate cases 2 and 3. The corresponding temperature
distributions were obtained, as shown in Fig. 6. The difference is caused by heat loss. Some
heating power is released to the surroundings from the center circular tube and the surface of
the surrounding water by convection and radiation. These factors actually reduced the rate of
temperature rise and maximum temperature in the center, which led to a prolongation of the
temperature rise phenomenon. Now, the method can be used to investigate some interesting
physics related to the dry patch.



Temperature °

35374 Max
3272
M7
290468
26956
24864
22182
2065
185,58
164.56 Min

Temperature °C

41746 Max
3928
36129
31231
30472
27634
24835
22017
19138

Max 295.18 .t Max353.74 ] Max417.46 =]
W ikelsisy G ——— Ly ' MiN164.56 * mmm———5" " : Min163.8  mm————5 " g

3500 3500 3500

Temperature Ye;
295.18 Max

27978
26438
24899
23359
21819
20279
187.39
171.99
156.6 Min

Figure 5. Temperature fields at the center of the dry patch under the case 1 condition in
the radiuses of 5mm, 6mm and 7mm.
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Figure 6. Cases 1 2 and 3 for the case of Center temperature distribution versus time for
dry patch radius of 6 mm

4.3. Stress calculation

The temperature data of cases 1 2 and 3 for a dry patch radius of 6 mm was taken and
imported into the stress calculation module of ANSYS Workbench. At the same time, the
scatter plot was drawn in order to observe the distribution of the equivalent stress and
temperature from the edge to the center. The path schematic is shown in the figure 7.

path

Figure 7. Schematic diagram of the scatter path

In the absence of external constraints, the material undergoes free thermal expansion,
and the stresses are only caused by the uneven temperatures in various parts of the material.
The trend of stress distribution in cases 1, 2, and 3 is consistent, and the stresses reach the
peaks of the stresses at the periphery and the center point of the simulated dry patches,
respectively, and the schematic diagrams are shown in Fig. 8.

As shown in Figure 9, in cases 1, 2, and 3, in the unconstrained case, the stress caused
by the dry patch has exceeded the yield strength of the material itself, and the material will
produce irreversible plastic deformation in the dry patch region, and at this time, the
maximum temperature at the center point of the dry patch is far below the melting point of
stainless steel.
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Figure 9. Equivalent stress distribution on path for the unconstrained case in cases 1, 2
and 3

4.4, Comparison and analysis

Considering that in practice the stainless steel base plate is screwed to the heated
copper block, the equivalent force cases were also considered when no external constraints
are applied and when displacement constraints perpendicular to the direction of the stainless
steel base surface are applied.

According to Fig. 10, the trend of stress distribution observed in cases 1, 2 and 3 with
bottom surface restraint applied is consistent: the stress values are higher at the periphery of
the dry patches, while the stress values at the centre point of the dry patches are significantly
lower, and the maximum plastic deformation occurs at the periphery of the dry patches. The
stress distribution due to thermal expansion of the material under the bottom surface
confinement condition shows a different pattern and the magnitude of the stress values varies.
In this case, as shown in Fig. 11. Compared to the unconstrained case, the peak stresses near
the periphery of the dry patch under bottom surface constraints were enhanced, but the value
of the maximum stresses sustained by the material was slightly reduced, and the maximum
stresses were concentrated at the periphery of the dry patch.

Figure 10. Equivalent stress distribution in the constrained case
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Figure 11. Equivalent stress distributions on path in Cases 1 2 and 3 with and without
displacement constraints applied to the bottom surface

The temperature distribution on the boiling surface is further analyzed. Fig. 12 shows
that the temperature gradient from the edge of the boiling surface to the center point of the dry
patch increases and then decreases, and the maximum temperature gradient appears near the
circumference of the dry patch. Since the heat transfer of the dry patch deteriorates after it is
established on the wall, the area occupied by the dry patch heats up rapidly and the heat
accumulated inside the region is transferred laterally by the plate material. It is reasonable to
hypothesize that the large temperature gradient present at the circumference of the dry patch
results in a stress peak on the circumference of the dry patch.
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Figure 12. Temperature gradient on path for cases 2, 3, and 4

5. Sensitivity analysis

5.1. The thickness of stainless steel plate

The stresses under different thicknesses at higher heat flux were investigated. Under
the condition of no external constraints (based on the experimental data of case 1, heat flux =
0.523W/mmz2), the stress changes at the thickness of 1 mm and 10 mm of the stainless steel
bottom are studied, respectively, and compared the results with the case of 2 mm, as shown in
Figs. 13. It can be observed that decreasing the thickness of the stainless steel base plate leads
to an increase in the maximum temperature in the dry patch region. Especially in the case of a
thin stainless steel base plate, the effect of reducing the thickness on the temperature in the
dry patch region is more drastic. This is because the thinner plate has greater transverse heat
resistance, which is not conducive to the heat transfer of the dry patch to the four sides.
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Figure 13. Temperature and equivalent stress distribution on path

for thicknesses of 1 mm and 10 mm

Through the analysis of the stress situation, it can be found that the thinner stainless
steel base plate will cause the temperature in the center of the dry patch to increase, and the
stress suffered by the material increases sharply, while in the case of thicker stainless steel
walls, the stress peak near the circumference of the dry patch is closer to the stress peak in the
centre region of the dry patch. This indicates that the thicker stainless steel wall can distribute
the stress more evenly, reducing the gradient of stress within the dry patch region, but the
thicker stainless steel base plate will have a larger temperature difference within the heated
plate material itself under the same heat flux, as shown in Figure 13. Therefore, under the
condition of higher heat flux, selecting the appropriate thickness of the stainless steel bottom
plate may help to mitigate the stress concentration without making the temperature difference
inside the stainless steel too large.
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Figure 14. Steady state temperature distribution before dry patch generation for
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5.2. Location of dry patch

Analyze the variation in material stress distribution as the dry patch approaches the
edge of the boiling surface. Figure 15 illustrates the distance ‘a’ from the centre of the dry
patch circle to the edge of the boiling surface. The stress data point trajectory intersects the
centre of the dry patch circle. The dry patch stress distribution is considered for a=15mm,
20mm, 25mm and 30mm.

Fig. 16 demonstrates significant stress concentration at the boiling surface edge when
the dry patch centre is positioned 10mm, 15mm, 20mm and 25mm away. However, when the
dry patch centre is at a 30mm distance from the boiling surface edge, the stress concentration
effect at the edge is negligible. It is deduced that the stress influence range of the dry patch

does not extend beyond five times its radius. This principle aids researchers in defining the
computational domain.

il path

Figure 15. Schematic of dry patch locations and data point path
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Figure 16. Equivalent stress distribution at a=15, 20, 25 and 30 mm

5.3. Influence of thermal conductivity

Stainless steel, a crucial engineering material, exhibits a range of properties. The
thermal conductivity of stainless steels typically ranges from 14W/m/K to 45W/m/K,
indicating significant variability. Furthermore, the coefficients of thermal expansion for
stainless steels generally fall between 16pum/m/K and 17um/m/K, the specific heat capacities



range from 0.46kJ/kg/K to 0.51kJ/kg/K, the Poisson's ratios range from 0.27 to 0.31, and the
Young's moduli range from 190 GPa to 220GPa. The thermal conductivity of stainless steel
varies significantly varies among these properties, with a range spanning a factor of three,
highlight the importance of considering thermal conductivity. A thermal conductivity of
15.1W/m/K for stainless steel was utilized in the simulations, followed by analyses with
constant material properties except for varying thermal conductivity, including simulations
for thermal conductivities of 16.2W/m/K, 21.5W/m/K, 24.9W/m/K, 28.6W/m/K, and
40.0W/m/K. The results, depicted in Fig. 17, demonstrate that thermal conductivity primarily
influences the maximum stress by affecting the maximum temperature within the dry patch:
An increase in thermal conductivity correlates with a decrease in both the maximum
temperature within the dry patch and the equivalent stress experienced by the material.
Stainless steel materials exhibiting higher thermal conductivity offer increased advantages.
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Figure 16. the maximum temperature and maximum stress of dry patch varying with
thermal conductivity

6. Conclusions

This study investigates thermal stress on wall surfaces during the occurrence of dry
patches, employing experimental and simulation methods based on the dry patch model. The
key findings are:

1.Higher heat flux results in a rapid temperature increase within dry patches, causing
localized maximum temperatures. This temperature difference induces thermal stresses that
exceed the material’s yield strength, potentially leading to irreversible plastic deformation or
stress-induced fracture before melting.

2.Significant stress peaks near dry patch edges, regardless of external constraints,
indicate plastic deformation and increased wall superheating at these edges, contributing to
dense bubble nucleation nearby. This complexity warrants further investigation in future
studies.

3.By reducing the thickness of stainless steel base plate, maximum dry patch
temperatures increase, especially pronounced with thinner base plates, leading to sharp rises
in thermal stresses within the material. In contrast, thicker walls mitigate the impact of
thickness on stress.



4.Thermal conductivity primarily affects maximum stress through its impact on the dry
patch maximum temperature; higher conductivity can reduce stress levels.

The study deliberately sets the dry patch size to demonstrate CHF damage arising from
thermal stress rather than just high temperature. Determining the size of dry patches
reasonably is a focus of future work.
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