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Summary

Heat Transfer and Boiling Phenomena During Quenching by
Water Jet Impingement

Quench cooling by water jet impingement is an accelerated cooling tech-
nique used in a variety of industrial applications, from nuclear reactor safety to
metallurgy. In the particular case of steel production, quenching by water jet
impingement is used on the Run Out Table (ROT), where hundreds of water jets
impinge onto long, red hot, steel slabs moving at speeds between 2 and 22 m/s.
Upon impingement with the hot surface, the liquid water boils. The combina-
tion of boiling activity and convective forces generated by the water jets results
in a high cooling potential. As a consequence, the steel slabs are cooled from
approximately 1200 ◦C to 750-120 ◦C in a matter of seconds.

The high surface speeds, the large number of water jets, and the violence
of the boiling activity make quenching on the ROT a very complex and chaotic
process. Nevertheless, a high level of control is required. The cooling speed and
temperature distribution of the steel determine its microstructure and mechan-
ical properties at the end of the cooling process, which makes the ROT a crucial
step in the steel production process. Failure in this step leads to rejection of the
steel slab and its reprocessing as scrap, resulting in major economic losses.

In order to improve the process reliability of the ROT, a better understanding
of the nature of boiling and heat transfer during quenching is necessary. With
that goal in mind, the quenching process was analyzed from different points of
view. This necessitated the design of a new experimental setup, the evaluation
of the performance of numerical methods used in the analysis, the detailed
visualization and interpretation of the boiling activity, and the estimation of the
heat fluxes involved in quenching of stationary and fast-moving surfaces. The
result is a set of conclusions that provides a general picture of the phenomena
occurring during quenching.



viii Summary

The mechanism by which rewetting, i.e. establishment of water-surface con-
tact, occurs at elevated surface temperature has been an open question in the
field for years. This question is solved in this work thanks to the direct visualiza-
tion of the boiling activity during rewetting in the jet stagnation zone. For the
first time, intermittent boiling activity at frequencies up to 40 kHz is observed
during quenching. After analyzing the effects of initial surface temperature, sur-
face topology, and length scale on this phenomenon, a hypothesis is presented
that relates the observed boiling intermittency with a cyclic explosive boiling
activity responsible for allowing rewetting at surface temperatures above the
Thermodynamic Limit of Superheat of water.

A study on quenching of stationary surfaces by saturated water jet impinge-
ment provides insight into the parameters that affect the stability of the film
boiling regime. The results indicate that increasing the water jet temperature
might be a route towards a decrease of the rewetting temperature on the ROT
and therefore a wider reliable operation window. Finally, quenching of surfaces
moving at speeds between 0 and 8 m/s is studied by using a new experimental
setup designed during this project. This setup enables the highest speeds ever
reported in an experimental quenching study, and for the first time in a range
comparable to the real ROT operating conditions. The heat flux estimations are
coupled to side view and stagnation zone video recordings, which enables the
analysis of the effect of surface speed on the boiling regimes that occur during
quenching. The conclusions drawn from this thesis are the result of a unique
combination of heat flux estimations and detailed boiling activity visualization
at process conditions comparable with the real process. It results in a deeper
understanding of the nature of boiling and heat transfer during quenching on
the Run Out Table.
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Chapter 1
Introduction

1.1 Background and motivation

Quench cooling by water jet impingement is applied in a wide range of indus-
trial fields where ultrafast and large-scale cooling are required. Upon impinge-
ment onto a sufficiently hot surface, the water undergoes phase transition from
the liquid to vapor state, a process well known as boiling. The combination
of high convective forces generated by the water jet and the high energetic re-
quirements of the phase transition leads to high cooling potential. In the steel
industry, this technique is applied on the Run Out Table (ROT, Figure 1.1).

The ROT is located between the Hot Rolling and Coiling sections. During
Hot Rolling, hot steel slabs are rolled to reach the desired thickness and width.
Because of mass conservation, the steel slab increases in length from 20 meters
to hundreds of meters. Simultaneously, the steel slab is accelerated to speeds
between 2 and 22 m/s, depending on the final thickness. Before coiling, the
steel slabs must be cooled on the ROT from approximately 1200 ◦C to the de-
sired final temperature, which can vary between 700 and 180 ◦C depending on
the steel grade. The ROT consists of hundreds of circular water jets that impinge
on the moving steel slab. The cooling speed and temperature distribution deter-
mine the microstructure and mechanical properties of the steel, which implies
that reaching a controlled and homogeneous cooling on the ROT is a crucial
step in the steel production process. Failure in this step leads to rejection of
the steel slab and its reprocessing as scrap, which results in major economic
losses. A potential solution is the use of additives in the steel to control the final
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Figure 1.1: Run Out Table in TATA Steel IJmuiden. Moving, red hot steel slab and im-
pinging water jets.

microstructure. However, these also imply a high additional cost.
In order to meet the mechanical specifications in a single cooling cycle with-

out the need of expensive additives, the ROT requires accurate process control.
During years, a detailed ROT simulation software package, TITAN, has been de-
signed by TATA Steel engineers. TITAN can recreate the ROT past production
cycles and enables the optimization of future process settings. However, TATA
Steel currently faces two challenges. First, the heat transfer estimations imple-
mented in TITAN fail to account for the effect of several process variables, such
as the speed of the steel surface or its roughness. Secondly, the process relia-
bility has been compromised after new market needs have required to widen
the operation window of the ROT. On the one hand, new steel grades with in-
creased additive concentrations show an increase in reliability issues such as
deformations and uneven mechanical properties and a high degree of uneven
surface oxidation. The effect of these oxide patches on the boiling heat transfer
efficiency and boiling regimes is unknown and unaccounted for in TITAN, hin-
dering process control. On the other hand, the new steel grades require lower
coiling temperatures which have pushed the system to new boiling regimes that
have not been reached before [11]. In order to improve TITAN’s accuracy and
the process reliability of the ROT, a better understanding of the nature of boiling
and heat transfer during quenching is necessary.
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1.1.1 Nature of boiling during quenching

Given the high surface temperature of the steel, the main boiling regime present
on the ROT is film boiling. The high wall superheat results in a vaporization rate
that is so high that a vapor layer is formed, which isolates the water from the
surface. During stable film boiling, the surface heat flux is nearly constant in
a wide range of surface temperatures, slightly decreasing with decreasing sur-
face temperature. As a result, small surface temperature variations along the
steel slab are homogenized by internal conduction, resulting in a stable pro-
cess. However, steel grades requiring low coiling temperatures might reach
the rewetting temperature on the ROT: the surface temperature decreases to a
point where the vapor film is broken, rewetting (water-surface contact) occurs
and the heat flux increases drastically. Rewetting leads to a sharp increase in
heat flux with decreasing surface temperature, which implies that small tem-
perature variations along the steel slab are exacerbated [11]. Inhomogeneous
surface rewetting leads to inhomogeneous cooling and therefore poor product
quality, non-reproducible processing, and deformation of the steel slabs. This
makes rewetting one of the most critical phenomena during quenching on the
ROT.

In literature, rewetting has been reported to occur at surface temperatures
up to 900 ◦C [26, 27, 63]. At temperatures above the Thermodynamic Limit
of Superheat (TLS, 302 ◦C in the case of water, [1]), water cannot maintain
a metastable superheated state anymore. As a consequence, thermodynamics
dictates a sudden phase change to the energetically favored vapor state. This
sudden vaporization is also denominated explosive boiling. The possibility of
rewetting to occur at temperatures exceeding the Thermodynamic Limit of Su-
perheat of water has been an open discussion in the field for years. If the re-
ported rewetting temperatures are accurate, the mechanism by which water can
maintain contact with a surface at such elevated temperatures is still unclear.
Some researchers have hypothesized rewetting mechanisms involving intermit-
tent dry and wet periods and explosive boiling [28, 65]. However, there are
no experimental data to prove these hypotheses due to the short duration and
small scale of the rewetting phenomenon. A rewetting mechanism hypothesis
supported by experimental data would shed light on this critical phenomenon
and provide the understanding of the physical phenomena necessary to improve
the process control system of the ROT.



4 Introduction

1.1.2 Heat transfer during quenching

Accurate heat transfer estimations are the basic building block of a robust ROT
control system. Surface heat flux estimations during quenching have been
widely reported in the literature, including the effect of several process parame-
ters such as initial surface temperature, water jet temperature, or water jet flow
rate. However, two research areas require further study: the parameters affect-
ing stable film boiling during quenching and the effect of high surface speed on
the boiling regimes and heat transfer.

Most experimental studies in literature on quenching by water jet impinge-
ment report immediate rewetting in the jet stagnation zone and the movement
of a wetting front along the plate surface during the first stages of quench-
ing [35,38,62]. However, as commented before, stable film boiling is the main
and preferred boiling regime on the ROT since it provides a stable heat flux.
Studying the parameters affecting the film boiling regime, for example surface
topology, surface temperature and water temperature, would shed light on the
reliability issues on the ROT and provide insight in possible approaches to widen
its stable operation window.

Another important aspect affecting the heat transfer on the ROT is the high
speed at which the steel slabs move during quenching. Currently, the heat trans-
fer estimations implemented in the ROT control system do not account for the
effect of surface speed. In order to understand the effect of surface speed on
the heat transfer, experimental data is necessary. However, until now exper-
imental studies on quenching of moving surfaces were carried out at surface
speeds up to 1.6 m/s [13,20,46]. This is far from the real operation conditions,
that involve speeds between 2 and 22 m/s. Only when the effect of the high
surface speeds on the thermal boundary layer development is accounted for,
the experimental heat transfer estimations can be used in real Run Out Table
applications.

1.2 Outline of the thesis

The present manuscript focuses on providing understanding of the nature of
boiling and on the heat transfer required, to improve the ROT control systems.
This is done through an experimental study of the quenching of hot steel plates
by water jet impingement. Each individual chapter contains a detailed intro-
duction and summary of the main conclusions.

Chapter 2 summarizes the experimental methods used. First, an experimen-
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tal setup to study the quenching of stationary surfaces by water jet impingement
is described. Two main types of data are obtained from such an experiment: the
temperature at several locations inside the plate and high-speed recordings. The
high-speed recordings consist of side-view images of the jet impingement and of
internal visualization of the boiling activity in the jet stagnation zone employing
a borescope. The chapter follows with the concept selection, design, and con-
struction of a new experimental setup that enables for the first time quenching
of surfaces moving at speeds comparable with the ROT operation conditions.

Chapter 3 focuses on the numerical method applied during this project. In
particular, the numerical method consists of solving the Inverse Heat Conduc-
tion Problem (IHCP) as a tool to estimate the surface heat flux during quenching
using the measured internal temperature as input data. The study summarized
in Chapter 3 analyses the errors and inaccuracies that might arise in the IHCP
solution as a result of both numerical aspects (noise canceling techniques or
initial conditions) and technical aspects (thermocouple thermal contact).

In Chapter 4, high-speed recordings of the jet stagnation zone are used to
understand the mechanism behind rewetting at elevated surface temperature.
The direct visualization of the boiling activity in the jet stagnation zone results
in the first ever observations of intermittent dry (bubble-rich) and wet (bubble-
free) periods during quenching by water jet impingement. This intermittent
boiling activity occurs at frequencies up to 40 kHz during rewetting of surfaces
at temperatures above the TLS of water. The effects of initial surface tempera-
ture, surface topology, and length scale on this phenomenon are presented. A
hypothesis is formulated that relates the observed boiling intermittency to cyclic
explosive boiling activity responsible for allowing rewetting at surface tempera-
tures above the TLS of water. In Chapter 5, this study is continued by presenting
side view recordings of the jet impingement during quenching.

Chapters 6 and 7 present the surface heat flux estimations obtained during
the quenching experiments. Chapter 6 focuses on the quenching of stationary
surfaces by saturated water jet impingement. This study provides insight into
the parameters affecting the stability of the film boiling regime during quench-
ing by jet impingement. The results indicate that increasing the water jet tem-
perature might be a route towards a decrease of the rewetting temperature on
the ROT and therefore a widening of the reliable operation window. Chapter 7
presents heat flux estimations during quenching of surfaces at speeds between 0
and 8 m/s, obtained by using the new experimental setup described in Chapter
2. The heat flux estimations are coupled with side view and stagnation zone
recordings, which enables analysis of the effect of surface speed on the boiling
activity. These are the highest speeds ever reported in an experimental study on
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quenching and the first ever recordings of the boiling regimes that occur during
quenching of moving surfaces.



Chapter 2
Experimental Method

This chapter describes the experimental setups and methodologies used to pro-
duce the results presented in this manuscript. The study presented in this chap-
ter was done in close collaboration with TATA Steel IJmuiden, in order to ensure
that the final setup design and experimental results resemble the industrial pro-
cess as much as possible.

2.1 Introduction

The experiments involving stationary surfaces included in this manuscript were
carried out using an existing setup in the Thermofluids Engineering laboratory
in TU/Eindhoven. The experimental rig was designed by Hormando Leocadio,
Giel Priems and Koen van Kempen and allows study of transient quenching of
stationary steel plates by water jet impingement.

Using stationary surfaces is an acceptable approach to reduce the complexity
of the experiments, and provides a good basis towards understanding the phe-
nomena occurring during quenching in the Run Out Table (ROT). However, the
information they provide cannot be directly used as input in the ROT control
systems, since the movement of the steel slabs during quenching is expected
to significantly affect the heat transfer and boiling mechanisms. For that rea-
son, quenching experiments using moving surfaces are essential to provide heat
transfer estimations that can be used in industry. Although many have reported
this type of studies before [14, 18, 20, 30, 46, 49], the maximum surface speed
ever reported is 1.6 m/s. This is far from the steel speeds used in the ROT,
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which range from 2 to 22 m/s.
In this Chapter, the existing experimental setup used to study quenching

of stationary surfaces is described. Later, the focus is on the concept selection
and design of an experimental setup to study quenching of moving test plates.
The characteristics of the ideal setup are presented, based on the real process
conditions on the ROT. A short literature review is done to present the exist-
ing concepts reported in literature. Subsequently, a series of possible concepts
are described and evaluated based on the similarities with the ROT conditions,
budget and space limitations. Finally, the chosen design and resulting setup are
described in detail.

2.2 Quenching of stationary surfaces

The setup used to perform the stationary quenching experiments is shown in
Figure 2.1. The main component is a demineralized water tank (A), which
can be heated by an electrical heater (B) and pressurized by compressed air
injection. The water level is measured by three load cells (C) installed at 120
degrees from each other around the tank. A circular nozzle (D) is screwed to
the tank base. The nozzle diameter is 9 mm and its exit is located at 3.6 cm
from the plate surface, leading to a jet speed of 3.1 m/s when using a full tank.
The water jet impingement onto the hot steel plate (E) is triggered by opening
a pneumatic valve.

The test plates used in stationary experiments are made from stainless steel
AISI 316 with dimensions 50x50x10 mm3. The surface finish varies depending
on the experiment; smooth, scratched or sandblasted. The test plate is heated by
an electric oven to the desired temperature prior to the experiment. The heating
time is kept below 1 hour to avoid surface damage by oxidation, leading to a
maximum test plate temperature of 650 ◦C.

2.2.1 High speed recordings

The events occurring in the jet stagnation zone during the first instants of
quenching can be recorded at high speed by use of a fixed borescope (Figure
2.1, F), as reported before [40]. The borescope is installed in a tube that tra-
verses the water tank and has a viewing window right above the jet stagnation
zone. The borescope is type R080-028-090-10 from Olympus, with a working
length of 280 mm and focal distance of 80 mm. The recordings were made
using a high speed camera (G1) model Photron SA-X2. A second high speed
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Figure 2.1: Schematic representation of the original setup for quenching of stationary
surfaces.

camera (G2) model SA3 by Photron records a side view of the jet and test plate
during quenching. An LED ring (H) provides the necessary illumination. The
recordings are triggered when the pneumatic valve is opened. The recording pa-
rameters such as frame rate or resolution vary for different experiments. More
details can be found in each corresponding chapter in this manuscript.

2.2.2 Thermocouple installation and temperature data

The internal temperature of the test plate during quenching is recorded with the
aim to estimate the surface heat flux (see Chapter 3 of this manuscript). The
number and position of the thermocouples vary for different experiments, and
therefore is described in each corresponding chapter. The temperature is recor-
ded using 1 mm diameter grounded K-type thermocouples. The thermocouples
are installed in 1.1 mm diameter holes that are drilled in the bottom side of the
test plate. The depth of the holes is such that the thermocouple tip is located
at 1 mm from the top surface of the plate in the case of stationary quenching.
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In order to minimize the thermal resistance between the thermocouple and the
steel plate, the following steps are followed:

1. The holes are cleaned by injecting water with a syringe until the hole is
clean of metallic debris.

2. The clean hole is dried by injecting air and inserting a small paper tip,
until no water remains in the hole.

3. The dry hole is filled with thermal silver paste.

4. While pressing the thermocouple to the bottom of the hole, a centerpoint
and hammer are used to deform the entrance of the hole, clamping the
thermocouple.

2.3 Quenching of moving surfaces. Concept selec-
tion.

2.3.1 Run Out Table characteristics

The Run Out Table considered in this study is located in the Hot Strip Mill of
TATA Steel IJmuiden. In the Hot Strip Mill, the steel slabs are heated, hot rolled
to the desired thickness in the rolling section, quench cooled in the ROT and
finally coiled and stored (Figure 2.2).

Figure 2.2: Schematic representation of the Hot Strip Mill in TATA Steel IJmuiden.

A steel slab of thickness 225 mm enters a furnace where it is heated to 1200
◦C. This process that takes about 5 hours. Once heated, the steel is descaled
with pressurized water to eliminate the oxide layer formed in the furnace and
is driven to two different sets of rolls: the Rougher Mill and the Finishing Mill.
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In the first section, consisting on 4 pairs of steel rolls, the steel thickness is
reduced to 37 mm. In the Finishing Mill, consisting on 7 pairs of steel rolls, the
final desired thickness is reached. Descaling with pressurized water takes place
before entering each roll. Due to the reduction of thickness, from 225 mm to
final values in the range of 1.5-20 mm, the steel is accelerated. As a result, the
steel slab speed varies between 2 and 22 m/s, depending on the slab thickness.

After hot rolling, the aim of the ROT is to cool down the surface to the
desired coiling temperature, which varies between 150 and 750 ◦C, depending
on the steel grade. It is during this cooling step when the phase transformation
from a fully austenitic to a martensitic phase occurs. As a consequence, the
desired microstructure, and therefore mechanical properties, are determined by
the successful cooling profile in the ROT. Cooling in the ROT occurs by means of
an accelerated cooling mechanism based on successive banks of circular water
jets, which impinge on the top and bottom of the moving steel surface. Each
bank consists of 2 to 5 rows of circular jet covering the slab width.

Cooling does not only occur by water jet impingement, but also by the for-
mation of water pools in between cooling banks. From the point of view of a
certain steel volume in the slab, transient cooling occurs by impinging jets and
water pools intermittently. The presence of the water pool significantly affects
the development of the boundary layers below the water jet and also the steel
cooling rate. From the point of view of a single water jet, the process could
be considered steady state: an infinite slab moving below the jet, leading to a
steady temperature distribution in the steel and a steady hydrodynamic behav-
ior.

Ideally, the heat transfer estimations obtained in this experimental study
should be applicable in the ROT process control system. In TATA Steel, this is
done by using TITAN: a software tool developed in-house that allows the sim-
ulation of the whole hot strip mill process. For the simulation of quenching in
the ROT, TITAN defines boiling curves for homogeneous heat flux bands cover-
ing the complete width of the slab in each cooling bank location. These boiling
curves are currently not dependent on steel speed, which is only accounted to
calculate the jet contact time. As a consequence, there is a strong need to ob-
tain boiling curves depending on surface speed at ranges comparable to the ROT
operation.

The ideal experimental setup to study quenching of moving surfaces should
be able to simulate the conditions in the ROT, namely:

• Planar steel surface (in horizontal position).

• Surface speeds between 2 and 22 m/s.
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• Linear motion of the planar surface.

• Circular water jet or planar water jet covering the complete width of the
test plate.

• From the jet point of view, constant contact between steel surface and
water jet.

• From a certain steel volume point of view, intermittent contact between
the steel and water jet, with water pool development between impinge-
ments.

• Enough experiment length to cover all the boiling regimes.

In addition, technical aspects have to be considered, as for example num-
ber of thermocouples needed, durability and cost of the test piece, building
complexity, operability and safety, modeling complexity and cost and space lim-
itations.

2.3.2 Literature review

Many laboratory setups involving jet impingement onto moving surfaces have
been reported in literature. A general summary of all these setups is presented
in Table 2.1. Different concepts have been reported, such as moving, rectangu-
lar sheets, conveyor belts, rotating disks or rings and rotating cylinders.

The use of moving, rectangular sheets has been reported by several research
groups. Zumbrunnen et al. [68] studied transient quench cooling of a hot, rect-
angular sheet moving one single time beneath a planar water jet. The maximum
surface speed was 0.8 m/s, reached using an electrical motor connected to a
lead screw. Fujimoto et al. [13,15] reported hydrodynamic and quench cooling
studies during jet impingement onto a moving, rectangular sheet at speeds up
to 1.5 m/s, using a linear actuator. They assumed pseudo stationary conditions
during the movement of the surface beneath the jet, and therefore performed
the experiments during one single pass beneath the jet at different conditions.

If the plate is passed below the jet only once, as in the studies commented
above, the duration of the experiment is quite short and low surface speeds are
necessary in order to observe a high degree of surface cooling. Jha et al. [30]
reported quench cooling of a hot, square plate by repeatedly moving the plate
back and forth beneath the water jet until the whole plate reaches the coolant
temperature. The reported surface speeds are in the range 0.2 to 0.8 m/s,
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achieved by a crank and slider mechanism connected to an electrical motor.
Nobari [49] studied the same process in a pilot scale ROT, using a rectangular,
steel surface quenched by several top and bottom water jet arrays. The plate
motion was achieved using a hydraulic motor and chain drive. Although the
setup is reported to reach maximum speeds of 3 m/s, results are only reported
up to 1.6 m/s surface speed.

The flow pattern in the moving, rectangular sheet concepts is the same as
in the ROT. However, a big difference is that the water-plate contact is inter-
mittent, compared to the constant water-surface contact in the ROT. This can
be solved by using a conveyor belt concept. These kind of setups have been
reported for study of hydrodynamics of jet impingement by Gradeck et al. [19]
and for study of cooling by air jets by Subba Raju et al. [57]. Higher speeds
and longer experiment times can be reached in this case. However, only plastic
surfaces at low temperatures have been reported.

This concept has been applied by TATA Steel R&D IJmuiden to study the
use of a heat pipe in steel annealing. In this case, the surface is a thin, metal
sheet operating at relatively low temperature (120-150 ◦C) and suffering low
temperature gradients (4 ◦C approx.). Since a thin sheet is required, high initial
temperatures or sharp temperature changes could lead to surface deformations,
as has been reported by Fujimoto et al. [15].

The effect of a moving surface can also be studied by the use of rotating
surfaces. In hydrodynamics studies, the use of metallic, rotating disks has been
reported by Brodersen et al. [5] and more recently by Guo et al. [21]. By the use
of a 60 cm diameter steel ring, Guo et al. reached surface speeds up to 100 m/s,
which is the highest surface speed found in literature during this review. These
experimental conditions obtained are the most extreme based on this literature
review. However, it must be noticed that the jet diameter is 564 µm, quite far
from the ROT water jets, and the experimental study is carried out at ambient
temperature.

The use of rotating disks and rings has also been reported in cooling stud-
ies. Metzger et al. [44] studied cooling of a steel ring using air jets as cooling
medium, reaching tangential speeds up to 39.6 m/s. The study concluded that
depending on jet and surface conditions, two regimes can be found: rotation-
ally dominated (when centrifugal forces strongly affect the flow pattern and the
heat flux does not depend on the jet conditions) and impingement dominated
(when the jet conditions determine the heat fluxes). Nasr et al. [48] used a
steel, rotating ring to study the cooling of moving surfaces by water sprays,
reaching a maximum surface speed of 1.4 m/s.

Another concept exploiting rotating surfaces is the rotating cylinder. Gradeck
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et al. [18, 20] used a horizontal, hollow, Nickel cylinder to study quenching of
moving surfaces. The rotating surface at speeds up to 1.33 m/s was cooled by
a planar water jet in the axial direction. Gradeck et al. report complete boiling
curves at several distances from the water jet center, as well as the temperature
history for a certain point in the cylinder. This work includes the effect of pro-
cess conditions as jet speed, surface speed and subcooling, and the correlations
for critical heat flux value and position. However, it lacks any kind of visual in-
formation regarding the flow pattern of wetting front development during the
experiment.

Mozumder et al. [46] also reported quench cooling of a rotating, stainless
steel cylinder at maximum speeds of 0.42 m/s. The use of a video camera
allows to report the wetting front development during the experiment, which
was found to be non-uniform in different angular directions. Quenching of a hot
rotating cylinder by water jet array impingement has been reported by Jahedi et
al. [29]. The surface speed varies between 0.1 and 1.15 m/s, and the influence
of jet spacing, impingement angle and initial surface temperature is studied.
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Table 2.1: Summary of moving surface experimental setups found in literature, in alphabetic order.

Jet Test surface

Reference Study Fluid Type Geometry Material Dimensions (mm) Velocity (m/s) Temperature (°C)

Brodersen et al., 1996 Hydrodynamics Water Circular Rotating disk Metal Ext. Diameter 250 0 - 5.32 Ambient

Fujimoto et al.,
2014 - 2015

Quenching (steady)
and Hydrodynamics Water Circular Rectangular sheet Stainless steel

Length 220
Width 60

Thickness 0.3
0.5 - 1.5 100 - 250 (500)

Gradeck et al., 2005 Hydrodynamics Water Circular Conveyor belt Plastic - 1 - 2.5 Ambient

Gradeck et al., 2006 Quenching (transient) Water Planar Rotating cylinder Nickel
Ext. Diameter 175
Int. Diameter 100

Length 200
0.52 - 1.33 400 - 600

Guo et al., 2015 Hydrodynamics Water Circular Rotating disk Steel Ext. Diameter 630 15 - 100 Ambient

Guo et al., 2015 Hydrodynamics Water Circular Projectile Wood and steel - 0 - 25 Ambient

Jahedi et al., 2017 Quenching (transient) Water Jet array Rotating cylinder Carbon steel Ext. Diameter 152 0.15 - 1.10 250-600

Jha et al., 2016 Quenching (transient) Water Circular Squared plate Stainless steel
Length 100
Width 100
Thickness 6

0.2 - 0.8 1050

Metzger et al., 1977 Cooling (transient) Air Circular Rotating disk Steel, Copper
Ext. Diameter 150

Thickness 25 2.8 - 39.6 90 - 85

Mozumder et al.,
2013-2015 Quenching (transient) Water Circular Rotating cylinder Stainless steel

Ext. Diameter 135
Int. Diameter 115

Length 150
Up to 0.43 460 - 560

Nasr et al., 2006 Quenching (transient) Water Spray Rotating ring Mild steel Ext Diameter 250 0.7 - 1.4 200 - 600

Nobari, 2014
Quenching

(transient, pilot scale) Water Jet array Rectangular sheet Steel low alloy
Length 1500
Width 430

Thickness 6.65
0.35 - 1.6 (up to 3) 700 (up to 1000)

Subba Raju et al.,
1977 Cooling (steady) Air Slot Conveyor belt PVC

Length 1760
Width 800 0.15 - 5.5 40 - 50

TATA Steel R&D Heat pipe - - Conveyor belt Mild steel
Length 1500
Width 500

Diameter 500
0-10.2 120-150

Zumbrunnen et al.,
1990 Quenching (transient) Water Planar Rectangular sheet Steel AISI 304

Length 317.6
Width 74.3

Thickness 16
Up to 0.8 800
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2.3.3 Various concepts and evaluation

Based on the literature review and setup requirements, several setup concepts
were considered for this application. This section includes potential setup con-
cepts and a summary of their evaluation based on the factors stated above. The
most common concept in the field of quench cooling of moving surfaces is a
rotating surface. Two possibilities are a rotating cylinder (Figure 2.3, left) and
a rotating disk (Figure 2.3, right), which can be curved to reduce the effect of
centrifugal forces. In both cases, the test piece would be heated prior to the ex-
periment. The jet impinges in the hot rotating surface, and the transient cooling
of the test plate is measured by thermocouples.

Figure 2.3: Moving setup concept: Rotating surfaces. Rotating hollow cylinder (left) and
rotating banked disk (right).

Surface speed is one of the most critical requirements. The reported speeds
of rotating cylinders (0 to 1.15 m/s) are significantly lower than the desired
speeds (2 to 22 m/s). Higher surface speeds can be reached by increasing di-
ameter and/or rotational speed. The reported dimensions vary between 150
and 175 mm. In practice, bigger dimensions require a bigger oven and it would
be difficult to reach homogeneous surface temperatures along the perimeter of
the cylinder.

Regarding rotational speed, the maximum reported value is 70 rpm. There
are 3 factors affected by high rotational speed value: centrifugal forces, cylinder
balance and quality of revolving contacts. Given that elevated surface speeds are
required, high centrifugal forces would act perpendicularly to the surface. The
liquid would suffer a reduced apparent gravity when compared to a planar sur-
face situation, affecting bubble convection and heat transfer. In order to reach
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high rotational speeds, a precise balance of the piece is necessary. Considering
that the test piece will be repeatedly quenched, deformations must be expected.
The unbalance created by the deformations would generate vibrations at high
speeds and therefore modify the bubble detachment and convection. Lastly, re-
volving contacts are necessary for thermocouple installation. In practice, the
quality of revolving contacts will be hindered as the rotation speed is increased.

The rotating curved disk concept is meant to reduce the complications aris-
ing from the centrifugal forces present in a flat rotating disk. However, the
centrifugal forces would be translated into apparent gravity. The apparent grav-
ity suffered by the liquid was estimated for a 1 meter diameter disk rotating
at 3.5 rps, to reach a maximum linear speed of 10 m/s in the bowl edge. The
angle required to compensate the centrifugal forces was also estimated to be
88° in the edge of the bowl, leading to an apparent gravity equal to 12G. An
increase in diameter would require lower rotational speed, and therefore lower
the apparent gravity. However, a 1 meter diameter disk is already difficult to
conceive considering that balancing and homogeneous heating of the complete
test piece are necessary.

Quench cooling experiments have also been reported using a linear move-
ment concept. The first possibility is the use of a conveyor belt concept (Figure
2.4, bottom): a heated flexible metallic belt is moved by rotating drums (or
pulleys) while the jet impinges in the belt surface. The second possibility is a
small hot test plate that is repeatedly moved below a water jet by using an elec-
tric motor or actuator (Figure 2.4, top). As in the case of rotating surfaces, the
experiment is transient.

The conveyor belt concept allows to reach experiment conditions resembling
the Run Out Table from the water jet point of view: steady state quenching of
moving surfaces. In order to reach steady state conditions, the belt needs to be
reheated during movement prior to reaching the jet impingement zone.

In TATA Steel R&D IJmuiden, a conveyor belt setup is used for a low temper-
ature application. Although the maximum design speed is 10 m/s, in practice
the speed of the setup is limited to 5 m/s due to belt tracking issues. Belt track-
ing issues, consisting of displacement of the belt towards sides of the pulleys,
are present in all conveyor belts and leads to belt deformation or breakage. Belt
tracking issues can be corrected during operation if the speeds are moderate,
but high speeds do not give enough response time to do so.

A critical aspect in the design of the conveyor belt concept is the maximum
allowed temperature drop due to the jet impingement. In order to avoid dam-
age and deformations in the belt, the use of an Iconel 718 belt with a maximum
temperature drop of 50 ◦C is recommended by experts in TATA Steel IJmuiden.
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Figure 2.4: Moving setup concept: Linear motion surfaces. Rectangular plate (top) and
conveyor belt (bottom).

Simulations using the TATA Steel software TITAN showed that in order to main-
tain the temperature drop below 50 ◦C, the belt speed must be kept between 10
m/s and 20 m/s. This speed limitation is inconsistent with the safety require-
ments stated above in terms of belt tracking.

Lastly, the issue of belt heating must be addressed. Considering total isola-
tion of the setup, the induction heating power to recover a 50 ◦C temperature
drop in a belt moving at 20 m/s is 0.35 MW 1. The efficiency of induction heat-
ing systems working with Iconel 718 is limited to 50 %, resulting in a total
induction power of 0.7 MW. The cost of such an induction system is far above

1These calculations are made assuming the following conveyor belt dimensions, as recom-
mended by conveyor belt and induction heating suppliers (Belt Technologies and RF Heating Con-
sult): belt thickness 0.35 mm, pulley diameter 500 mm, conveyor belt length 2.5 m, band width
300 mm, induction heating section 0.5 m.
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the available budget. The complications stated above make the conveyor belt
not suitable for this application, considering our safety and cost requirements.

The moving rectangular plate concept can be achieved by several equipment
options, depending on the size of the plate to be moved. The best option in this
case may be a pilot scale setup as reported by Nobari [49], since it provides the
closest conditions to ROT and the possibility to use long test plates and a stable
water flow pattern. However, given the budget and space limitations, only a
lab scale setup can be considered. Several commercial solutions at this scale
were found: hydraulic or pneumatic pistons, ball screws, linear units and linear
motors.

The rectangular plate concept is the simplest setup to build and operate, it
allows the study of stationary plate quenching and it is probably the one that
requires the least number of changes to the existing laboratory equipment. Due
to its small size, the test plate would be easy to heat and would allow the
study of surface roughness and replacement in case of deformation. On the
other hand, the fact that the contact jet-surface is not constant is an important
disadvantage.

Considering the evaluation summarized in this section, it was agreed by all
the project parties to base the design of the experimental setup for quenching of
moving surfaces in the moving rectangular plate concept. The detailed design
is described in the following section.

2.3.4 Selected concept and design

The concept chosen as a base for design of the new experimental setup is shown
in Figure 2.4, top. In this setup concept, a hot steel plate is repeatedly moved
along a guide and quenched by a planar jet located in the middle section of the
track. The plate should move at speeds between 0 and 20 m/s. At very low
speeds, a single pass below the jet could be enough to cool the plate completely.
However, as the speed increases and the contact time decreases, one single pass
would not be enough. Then, the plate must be repeatedly moved below the jet
as many times as needed until the plate is completely cooled. As a consequence,
the results are expected to be similar to those reported by Nobari [49].

Using a planar jet perpendicular to the plate motion allows to model the heat
transfer assuming a 2D problem with no heat transfer in the lateral direction.
Based on the 2D assumption, a row of thermocouples installed in the centerline
of the plate is enough to estimate the surface heat flux by solving the Inverse
Heat Conduction Problem (IHCP). A common challenge when solving the IHCP
is loss of high frequency information in the surface heat flux history. In this case,
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high speeds lead to intermittent cooling during short times, which translates
into high frequency components in the surface heat flux history. In order to
maximize the accuracy of the IHCP, thermocouple installation close to the plate
surface, improved thermal contact and noise handling will be necessary. The
limitations of IHCP solution are analyzed further in Chapter 3.

Table 2.2: Different linear motion systems and their operation conditions. Information
gathered from technical specification sheets.

System Max. speed (m/s) Force/Carried weight Brand

Linear actuator (ball screw) 1.66 >1000 N Thomson

Linear motor 7.3 21 N LinMot

Pneumatic cylinder 1 310 N SMC

Ball screw 5 >1000 N SBKH

Linear unit (ball screw) 2.5 4.9 kg Unimotion

Linear unit (polymeric belt) 10 3.25 kg Unimotion

Figure 2.5: Belt-driven wheel-guided linear unit from Unimotion. Series MRJE. 1. Drive
block with pulley; 2. Corrosion resistant protection strip; 3. AT polyurethane
toothed belt with steel tension cords; 4. Carriage; 5. Aluminum profile; 6.
Wheels; 7. Round guide; 8. Lubrication port; 9. Integrated belt tensioning
system. Image taken from Unimotion technical sheets.

A crucial design aspect is the selection of the motion system. Table 2.2 shows
a summary of possible motion systems as well as their maximum speeds, force
and manufacturers. Although none of the found motion systems reaches the
maximum speed present in the ROT of 22 m/s, the linear units driven by poly-
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meric belts provide a good solution. The MRJE linear units driven by polymeric
belt and guided by metallic wheels (Figure 2.5) offered by Unimotion are wa-
terproof and reach the highest speeds in the linear motion field, with maximum
speeds up to 10-11 m/s. Contrary to linear motors, linear units include the
guiding system, switches and limits, facilitating the setup design and construc-
tion. For this reason, a Unimotion MRJE polymeric belt linear unit is chosen as
the optimum motion system. The linear unit is controlled by a servomechanism,
allowing a typical repeatability of ±0.08 mm.

2.4 Quenching of moving surfaces. Final setup.

An schematic representation of the experimental setup for quenching of moving
surfaces is shown in Figure 2.6. In this section, the components of the setup are
described in more detail.
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Figure 2.6: Schematic representation of the new setup for quenching of moving surfaces

2.4.1 Water system and high speed cameras

The linear unit concept is compatible with the existing water and high speed
camera system. During the construction process, minimal changes were done
to the existing stationary setup described in Section 2.2 of this manuscript, re-
ducing the construction time and cost. The main modification was the addition
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of a planar water jet nozzle. The new planar nozzle is compatible with the exist-
ing water tank and can be easily interchanged with the existing circular nozzle.
The planar nozzle dimensions are 2x50 mm.

Figure 2.7: Experimental setup to study quenching of moving surfaces. Main compo-
nents.

2.4.2 Linear unit

The linear unit is model MRJE65 3180 L 1R 0 from Unimotion. The linear
unit is water resistant and driven by a polyurethane belt. The dimensioning
was carried out with the collaboration of Groneman BV. A video of the linear
unit motion during testing is attached as supplementary material (Appendix A,
Movie 1).

The current design allows maximum acceleration and deceleration rates of
50 m/s2, which are only applied in an emergency break situation. The maxi-
mum operation acceleration and deceleration rate is equal to 45 m/s2. A total
linear unit stroke length of 3180 mm is chosen, allowing maximum speed of
10 m/s in unloaded conditions and 8 m/s in loaded conditions (maximum 1.5
kg carried weight). The linear unit can be programmed by accessing the driver
through the software LinMot-Talk, where the motion cycle can be easily modi-
fied.
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In order to safely secure the linear unit, an aluminum frame was built. The
linear unit was clamped to the frame and the complete frame was installed
below the water tank, as shown in Figure 2.7. A cable chain was installed to
safely guide the thermocouple cables.

Figure 2.8: Experimental setup to study quenching of moving surfaces. Test plate and
carrying basket.

2.4.3 Test plate and other components

The test plate is made of stainless steel AISI 316 with dimensions 200x40x5
mm3 and is clamped to a mullite support brick. The length and width of the
plate are based on a trade-off between the development of stable water flow
and the limited carrying weight of the linear unit. The test plate temperature is
measured using K-type thermocouples installed following the same procedure as
described in Section 2.2.2. In order to improve the thermocouple response, the
thermocouple tip depth has been reduced to 0.2 mm below the surface (instead
of 1 mm in stationary quenching experiments) and the silver paste has been
changed to a high conductivity grade from TED PELLA, increasing the thermal
paste conductivity from approximately 2 W/mK to 9 W/mK.

Prior to the experiment, the test plate is heated in a custom made electrical
oven (Figure 2.7) and transferred into a carrying basket. The test plate, mullite
support brick and carrying basket are illustrated in Figure 2.8. The carrying
basket is secured to the side of the linear unit and moves directly below the
water jet. This design avoids the water jet impinging directly on top of the linear
unit, and therefore avoids the resulting added motion resistance coming from
water flooding the inside of the linear unit. Moreover, it protects the linear unit
from the hot test plate and mullite brick, and eventually hot water jet, which
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could degrade the lubrication grease inside the unit. Two videos corresponding
to an quenching experiment with a test plate moving at 8 m/s are attached as
supplementary material (Appendix A, Movies 2 and 3).

Various additional safety measures were installed, for example:

• Extra (manual) layer of confirmation to trigger the experiment.

• Luminous alert signal during experiment.

• Fencing panels, protecting from access to the linear unit and impact (Fig-
ure 2.7).

2.5 Conclusions

This Chapter describes the experimental rigs used to produce the results pre-
sented in this manuscript. First, the existing setup for study of quenching of
stationary surfaces is presented. The results obtained using this setup are pre-
sented in Chapters 4, 5 and 6. Then, a review of existing experimental setups
involving moving surfaces was done and several concepts for the particular ap-
plication of quenching of moving hot steel plates by water jet impingement were
presented. The different concepts were evaluated based on technical and prac-
tical aspects, resulting in the selection of a moving rectangular plate concept
using a linear unit as motion system. The new experimental setup allows to
study surface speeds in the range of 0 to 8 m/s. To the author’s best knowl-
edge, this speed range is higher than ever reported in literature in the field of
quenching and the closest to the real ROT operation conditions. The analysis of
the performance and experimental results obtained with the new moving setup
is presented in Chapter 7.



Chapter 3
Numerical Method

The content of this Chapter is inspired by the results obtained by Cars van Ot-
terlo and Rens Nieuwenhuizen during their graduation theses, under the su-
pervision of the present author. The content of this Chapter is intended for
publication in a scientific journal (manuscript in preparation).

3.1 Introduction

One of the main goals of a transient quenching experiment is to accurately esti-
mate the surface heat flux and temperature distributions during the quenching
process. These results are used to build the so-called boiling curve, presenting
surface heat flux versus surface temperature, at different locations. In industry,
the boiling curve is used as input for online and offline Run Out Table control
systems, allowing to fix the optimum process parameters for each steel grade
and to predict the product quality. The boiling curve resulting from quenching
by water jet impingement can be compared to the Nukiyama’s pool boiling curve
in the sense that both curves can be connected to prevailing boiling regimes or
interfacial topologies, be it that these boiling regimes might be different for the
two applications. The surface heat flux and temperature estimations are not
only the main goal, but also the main challenge of such an experiment. Di-
rect surface temperature measurements have never been widely used in this
research field. This is due to the complex machining and weak mechanical sta-
bility of surface temperature sensors [68], but also due to their interference
with the boiling phenomena occurring at the surface. The mere presence of
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a sensor at the surface, as well as the adhesives and grooves necessary for in-
stallation, may affect bubble nucleation and the boiling regimes occurring on
top of the sensor. As a result, it is impossible to corroborate if the results are
representative of the whole surface, or only of the phenomena occurring on top
of the sensor. Consequently, the most used measurement technique is installa-
tion of near sub-surface thermocouples by welding or adhesion with thermally
conductive paste [20,35,38,62]. The experimental data consists of the internal
temperature history during quenching, at various locations in the plate.

qsurface DHCP Tinternal

qsurface IHCP Tinternal

a. Direct Heat Conduc�on Problem (DHCP)

b. Inverse Heat Conduc�on Problem (IHCP)

�

Yes

No

Start

Ini�alize qsurface

Solve DHCP

New qsurface

End

c. Inverse Heat Conduc�on Method (IHCM)

Figure 3.1: Schematic representation of the Direct Heat Conduction Problem (DHCP),
Inverse Heat Conduction Problem (IHCP) and Inverse Heat Conduction
Method (IHCM).

The experimental internal temperature data can be used to estimate the
surface heat flux and surface temperature during the experiment. A typical Di-
rect Heat Conduction Problem (DHCP) consists of the calculation of the internal
temperature distribution in a body with known boundary conditions at the plate
surface (Figure 3.1a). In the case of a quenching experiment, the situation is re-
versed: the boundary condition (surface heat flux) is unknown and the internal
temperature (experimental data) is known. The unknown boundary condition
can be estimated by solving the Inverse Heat Conduction Problem (IHCP, Figure
3.1b). The IHCP solution is solved using an Inverse Heat Conduction Method
(IHCP, Figure 3.1c). The IHCM optimizes the unknown surface heat flux by solv-
ing the DHCP iteratively minimizing the difference between the calculated and
experimental internal temperature data. There are two types of IHCM: in-house
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algorithms and commercial codes, among which INTEMP is common [6,7].
As in all inverse problems, the IHCP is an ill-posed mathematical problem.

This leads to the following three issues:

• The solution to the problem is not unique. The input to solve the IHCP
is an internal temperature history, but identical internal histories can be
found for different boundary conditions. This is clearly explained by
Karwa [32], by showing that heat diffusion leads to an internal temper-
ature history where the high frequency component present in the surface
heat flux is lost. The loss of high frequency information is worse at deeper
locations, and so the temperature sensors are always installed as close to
the surface as possible.

• Slight noise or measurement error in the input data away from the surface
is amplified in the resulting heat flux estimations at the surface. A small
temperature fluctuation in a deep location in the test piece can only be
caused by a large heat flux fluctuation at the surface. Here too, installation
of the thermocouple as close to the surface as possible mitigates the issue,
but the inherent presence of noise in the experimental data makes this
issue a crucial one. The amplification of data noise can be mitigated with
two numerical techniques with similar end goals. The first one is filtering
the temperature data prior to solving the IHPC. The second one is the
implementation of the Tikhonov’s regularization technique, consisting of
a penalty on high frequency components during the optimization of the
unknown surface heat flux. In both cases, deciding to what extent the
technique should be used is crucial: over-filtering (or over-penalizing)
would lead to loss of physical high frequency components in the surface
heat flux, while under-filtering (or under-penalizing) would lead to non-
physical high frequency components.

• Lastly, the solution to the IHCP is also largely depending on the initial con-
ditions which are not precisely known. Although accurately defining the
initial temperature profile might sound trivial, in practice this proves to be
a challenge. The known initial conditions correspond to the thermocouple
locations, but in order to accurately estimate the surface heat flux during
the first instants of quenching the complete temperature distribution be-
fore quenching must be known in the IHCP solving algorithm. In practice,
inhomogeneous heating in the oven and cooling by the environment be-
tween removal from the oven and start of the jet impingement lead to
an unknown initial temperature distribution. The general approach is
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to assume a homogeneous initial temperature distribution based on the
thermocouple data before impingement. Errors can be minimized by en-
suring that the test plate reaches a stable temperature in the oven and
minimizing the time that the test plate spends outside of the oven prior
to quenching. However, a homogeneous initial temperature distribution
is practically impossible to be realized.

Apart of mathematical challenges, errors can arise from technical aspects.
The thermal contact between the steel plate and thermocouple is of particular
importance. Generally, when solving the IHCP the thermocouple is considered
to have perfect thermal contact with the steel plate, and thus the temperature
recorded by the thermocouple is assumed to be equal to the temperature in the
test plate at the thermocouple location if the sensor would not be there. In
practice, achieving perfect thermal contact is impossible. Welding of thermo-
couples affects the steel microstructure in the test plate, which in turn affects
the heat transfer in the vicinity of the thermocouple joint. Using thermal paste
cannot guarantee perfect thermocouple contact either, given the relatively low
conductivity of paste materials as compared to steel and the possibility of cracks
developing during the curing of the paste. In addition, given the fact that the
thermocouple shield and filling materials have different thermal properties than
the steel test plate , the mere presence of the thermocouple has been reported to
affect the heat conduction in the plate and, consequently, the IHCP results [41].
Although including these heat transfer resistances in the IHCM would minimize
errors in the surface heat flux estimations, the exact values of these resistances
are unknown in practice. Underestimating or ignoring these resistances leads
to underestimation of the surface heat flux and overestimation of the surface
temperature in the first stages of quenching.

3.2 Inverse Heat Conduction Method as a possible
source of errors

As commented above, solving the IHCP is a challenging task with multiple
sources of errors. An added challenge is that when using experimental data, the
correct solution of the IHCP is unknown, making it almost impossible to judge
the accuracy of the resulting heat flux and temperature estimations. A possible
remedy is to evaluate the results based on theoretical knowledge of the boiling
phenomena occurring during quenching. In this section, we present and discuss
two discrepancies between the latter theoretical knowledge and experimental
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results reported in literature:

• The overestimation of surface temperatures.

• The effect of initial temperature on the boiling curve.

In the final part of this section, we will present a hypothesis that explains these
issues based on errors arising from the IHCP.

3.2.1 Overestimation of the surface temperature

When quenching a hot steel plate with subcooled water, the literature agrees
that a sharp temperature decrease occurs upon jet impingement. This corre-
sponds to a sharp increase of heat flux that follows immediate (or almost im-
mediate) rewetting of the surface. This sharp increase of heat flux is a high
frequency component, which is known to be compromised by the IHCP solving
algorithm. Although judging its accuracy is a difficult task due to the short time
scale, we can use the visual information provided by Leocadio et al. [39, 40].
Leocadio uses a borescope to perform direct high speed visualization recordings
of the jet stagnation zone in the initial moments of quenching. The high speed
recordings are analyzed and compared to the surface heat flux and temperature
histories provided by INTEMP, which was used to solve the IHCP. Leocadio et
al. report a surface temperature of 703 ◦C when the borescope recordings show
stable nucleate boiling in the complete stagnation zone. Stable nucleate boiling
at such an elevated surface temperature, well above the thermodynamic limit of
water superheat, is hardly imaginable. A possible overestimation of the rewet-
ting temperature is explained by the heat flux assumed to be homogeneous in
a zone where multiple boiling regimes occur simultaneously [40]. However,
the constant heat flux zone corresponds to the complete stagnation zone, which
should not lead to errors once a single boiling regimes occurs over the complete
zone. If stable nucleate boiling is observed in the complete stagnation zone, the
real surface temperature must be much lower than 703 ◦C, meaning that the
IHCP solution is overestimating the surface temperature in the first instants of
quenching.

3.2.2 Effect of initial temperature on the boiling curve

The effect of initial temperature on the boiling curve has been widely studied
through transient quenching experiments. The results when quenching a hot
surface at different initial temperatures using a single subcooled water jet are
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consistent in literature [38, 62], and follow the trend illustrated in Figure 3.2:
when starting at different initial temperatures (different colored series in Fig-
ure 3.2), both the maximum heat flux and the surface temperature at which it
occurs increase with increasing initial plate temperature.
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Figure 3.2: Schematic representation of the effect of initial temperature in the boiling
curve reported in literature

Although this effect is widely agreed upon, a physical interpretation has
never been provided, as far as the author is aware. The trend is in fact impos-
sible to explain based on theoretical knowledge of boiling heat transfer. If one
traces a vertical line, for example the dashed line in Figure 3.2, the intersecting
curves correspond to experiments that started at different surface temperatures.
However, in the intersection with the dashed line, the experiments share the
same conditions: equal jet properties and equal surface temperature. Along the
dashed line, the experiments show significantly different surface heat fluxes at
equal surface temperature and jet conditions. The only explanation for differ-
ent heat fluxes along the dashed line would be different gas-liquid interfacial
topologies and different flow dynamics at equal jet and surface conditions. If
so, these discrepancies are only expected to occur in the highly transient initial
stages of quenching, which is the first 0.5 s after impingement, as reported by
Leocadio and Wang. This corresponds to the negative slope sides of the boiling
curves of Figure 3.2 close to the initial plate temperature. For the high initial
plate temperature curves the intersection is, however, on the positive slope side,
corresponding to later stages of the quenching experiment. Note that for low
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surface fluxes, the trend is as boiling theory dictates: equal surface tempera-
tures correspond to equal surface heat fluxes. The results reported in literature
show another common characteristic in the negative slope side of the boiling
curve: the slope in the initial stages of experiment seems to be independent of
the initial temperature [38,62]. However, stagnation zone recordings show sig-
nificantly different boiling regimes in the first instants of quenching. Leocadio et
al. [40] report stable nucleate boiling directly after impingement at initial tem-
peratures below 450 ◦C. For initial temperatures above 450 ◦C they report film
boiling regime to occur, with increasing duration at higher initial temperatures.
The fact that the boiling curve slope in the initial stages of quenching, indicative
of the net heat transfer coefficient, is independent of the initial temperature in
a range in which the interfacial topologies, boiling regimes, vary significantly
indicates that this slope might not reflect real physical phenomena.

3.2.3 Hypothesis: Effect of the IHCM inaccuracies on the heat
flux estimation during the initial stages of quenching

Two different discrepancies were found between conventional boiling theory
and results presented in literature: the overestimation of surface temperatures
in the initial stages of quenching and the effect of initial temperature in the
negative slope side of the boiling curve. Both of these discrepancies occur in
the initial stages of the quenching experiment. Studies reported in literature
agree that quenching by subcooled water jet impingement leads to immediate or
almost immediate rewetting (film boiling periods in the order of milliseconds).
As a consequence, a sharp increase of heat flux comparable to a step function is
expected. Similar claims have been made for industrial quenching technologies
that impede the formation of a stable film boiling regime [11]. Our hypothesis
to explain on the discrepancies found in literature is the following. The real
boiling curve at different initial temperatures follows the trend illustrated by
the continuous lines in Figure 3.3. A step-like increase in heat flux occurs upon
impingement. A single boiling curve is shared for different initial temperatures.
Due to the limitations of the IHCP solving algorithm presented in Section 3.1,
the high frequency component of the step-like heat flux increase is lost. As
a result, the surface heat flux estimation follows the trend illustrated by the
dashed line in Figure 3.3. This argument will of course be substantiated in the
following sections.
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Figure 3.3: Schematic representation of the hypothetical effect of the IHCM in the esti-
mated boiling curve

3.3 Virtual experiments procedure

One of the main difficulties of the IHCM as data processing tool is that the real
boundary condition is unknown, making it almost impossible to judge the ac-
curacy of the IHCP solution. In order to properly evaluate the accuracy of the
IHCP solution, a routine was designed under the denomination of “virtual ex-
periment”. The virtual experiment routine is illustrated in Figure 3.4. A known
heat flux history is implemented as boundary condition in a DHCP solving algo-
rithm. The DHCP solution provides with the internal temperature distribution
and history. From the DHCP solution, an internal temperature history is ex-
tracted. This temperature history is equivalent to the thermocouple data in a
real experiment (“virtual experimental data”), which can be used as an input
for the IHCP solving algorithm. The IHCP solution will provide the estimated
boundary condition, which in an ideal scenario should match with the known
boundary condition that was implemented in the DHCP. Following this virtual
experiment routine, the desired IHCP solution is known, and deviations in the
IHCP solution can be objectively analyzed.

The virtual experiment routine does not only allow to evaluate the IHCP
solving algorithm itself, but also the effect that external factors have on its so-
lution. Some of these factors are illustrated in blue in Figure 3.4. One can, for
example, explore the effect of added heat transfer resistances in the vicinity of
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Figure 3.4: Schematic representation of the virtual experiment procedure

the thermocouple, the effect of data noise or the effect of the noise cancelling
techniques.

3.3.1 Direct Heat Conduction Problem

The DHCP is solved using the Partial Differential Equation Toolbox of Matlab.
The problem is defined as thermal and transient. The domain shown in Fig-
ure 3.5 is meshed using triangular elements with a maximum edge length of
1.4 · 10−5 m. The heat transfer problem is solved in axisymmetric coordinates
with the edge E1 as the revolving axis. The domain consists of 3 different ge-
ometries (F1, F2 and F3). The geometry F1 is based on the typical size of the
drill tip used to make the thermocouple holes (0.2 mm depth). The geometry
F2 dimensions are based on the typical distance between 2 thermocouples in
quenching experiments (approximately 1 cm). The geometry F3 is based on
the typical thermocouple dimensions (1 mm diameter). The location of geome-
tries F1 and F3 is selected such that the thermocouple tip (green marker) is
located at 1 mm from the top surface and at the rotating axis. The materials
used in each geometry for each studied case are summarized in Table 3.1. The
material properties are summarized in Table 3.2. In single material cases, the
3 geometries are assigned stainless steel 304 properties. In cases where the
thermocouple and thermal paste are considered, F1 is defined as thermal steel
paste, F2 is defined as stainless steel AISI/SAE 304 and F3 is defined as mullite
(thermocouple filler material).

A constant initial temperature equal to 600 ◦C is defined in the complete
domain. The boundary conditions are defined as Neumann in edge E2 and
adiabatic in edges E3 and E4. The heat flux history imposed at E2 is as shown
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Figure 3.5: Numerical domain and mesh used to solve the DHCP and IHCP

Table 3.1: Description of domain material definitions for each studied case

Case
DHCP Materials IHCP Materials

F1 F2 F3 F1 F2 F3
Single Material Steel 304 Steel 304
Thermal Paste, Ignored Silver paste Steel 304 Mullite Steel 304
Thermal Paste, Considered Silver paste Steel 304 Mullite Silver paste Steel 304 Mullite

Table 3.2: Thermal properties of the defined materials.

Material Thermal Conductivity (W/mK) Thermal Diffusivity (m/s)
Stainless Steel 304 22.7 5·10−6

Thermal Paste 1-10 1.7·10−7 - 1.7·10−6

Mullite 5 2.1·10−6

in Figure 3.6 (left), and it is designed such that it leads to a boiling curve (Figure
3.6, right) comparable to our hypothesis (Figure 3.3). The heat flux is uniformly
applied along E2. The heat transfer problem is solved for a total time of 7.5
seconds with time step equal to 1/150 s.
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Figure 3.6: Heat flux history (left) and boiling curve (right) imposed to solve the DHCP

3.3.2 Inverse Heat Conduction Problem

The Inverse Heat Conduction Problem (IHCP) is solved using INTEMP. The same
mesh generated by Matlab to solve the DHCP (Figure 3.5) is translated into IN-
TEMP format and used to solve the IHCP. The temperature profile in the thermo-
couple location resulting from the DHCP is used as input in INTEMP to optimize
the uniform surface heat flux in edge E2. Similar to the DHCP, edge E1 is de-
fined as the axisymmetric axis and edges E3 and E4 are defined as adiabatic.
The materials used in the IHCM in each geometry for each studied case are
summarized in Table 3.1. INTEMP uses the Tikhonov’s regularization method
to deal with data noise. The Tikhonov’s regularization is based on penalizing
high frequency components in the surface heat flux. The degree of penalization
is defined by the value of a B parameter: the higher the B value, the stronger
is the penalization for high frequency changes in the heat flux estimation. If
the B value is too high, the physical high frequency components are underes-
timated, or even not estimated at all. If the B value is too low, the noise in
the temperature data is translated to non-physical high frequency components.
The ideal B-value must be chosen using the L-curve method [7]. INTEMP re-
quires the definition of a B value in all cases, even when working with noiseless
data. In order to study the effect of data noise, random white noise is added to
the DHCP temperature profile in a range of ±0.75% of the temperature data, in
agreement with the error range of grounded K-type thermocouples (according
to thermocouple supplier TC Direct).
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3.4 Exploring the IHCP limitations

3.4.1 Effect of data noise and noise cancelling technique

In this section, the effect of data noise and the effect of the noise dealing tech-
nique itself are studied. First, a virtual temperature data set is generated solving
the DHCP corresponding to a pure steel test piece with perfect thermocouple
contact applying the predefined heat flux history shown in Figure 3.6. The re-
sulting temperature data at a depth of 1 mm is then used to solve the IHCP in
noiseless conditions. In order to study the effect of data noise, we add white
noise in a range of ±0.75% of the temperature values. Since INTEMP requires the
definition of a B value even in noiseless conditions, the effect of the B value is
presented both when using noiseless and noisy data. Figure 3.7 shows the IHCP
solutions when using noiseless data with different B values. Even in noiseless
conditions, the heat flux estimations are affected by the chosen B value . In this
case, the optimum B value according to the L-curve method (1·10−12) shows the
most satisfactory estimation.
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Figure 3.7: Effect of B value in the IHCP solution when using noiseless temperature data

Figure 3.8 shows the results when using noisy data. In this case, the effect of
the Tikhonov’s regularization method is clearer. The optimum B value obtained
by the L curve method is equal to 1 · 10−11. The optimum B value leads to
the most accurate heat flux estimations, showing only a slight oscillations as a
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consequence of the data noise. When using a higher B value (1 ·10−10), the heat
flux in the initial stages of the virtual experiment are underestimated. On the
other hand, a lower B value (1 · 10−12), leads to fitting of the data noise and
results in non-physical heat flux oscillations. It is important to note that the
Tikhonov’s regularization cannot distinguish physical from non-physical heat
flux oscillations. Therefore, if the physical frequencies are in the same order
than the noise frequencies, they will be smoothen even when using the optimum
B value. Similar results were obtained when using data filtering as a noise
cancelling technique.
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Figure 3.8: Effect of B value in the IHCP solution when using temperature data with
noise

3.4.2 Effect of the IHCP initial conditions

As commented in Section 3.1, the IHCP solution is highly affected by the cho-
sen initial conditions. Determination of the real initial conditions is complex,
since the uneven temperature distribution is not accurately represented by the
thermocouple data. Since the initial temperature in the complete plate in the
IHCP is defined based on the temperature measurement in the thermocouple lo-
cation, the effect of a small temperature difference across the plate is amplified.
In this section we study the effect of wrongly assumed initial conditions in the
IHCM. We use the noiseless data set generated for the previous section to solve
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the IHCP with the ideal B value (1 ·10−12). The initial homogeneous tempera-
ture distribution in the complete domain implemented in the IHCM is purposely
defined with a -3, -1, +1 and +3 ◦C offset with respect to the DHCP initial tem-
perature. The effect of the wrongly defined initial temperature is presented in
Figure 3.9. As expected, a negative offset on the initial temperature leads to
underestimation of the surface heat flux in the initial stages of quenching. A
positive offset leads to surface heat flux overestimation. The strong deviation in
the heat flux in the initial stages of the experiment is a result of the correction
that the IHCM must make in order to compensate the difference between the
temperature defined in the bulk of the simulated domain and the input temper-
ature data. Surprisingly, a larger offset does not affect a larger section of the
boiling curve: the IHCP solution seems to stabilize in the same location in the
boiling curve independently of the induced error. Similar to the effect of the
B value in the previous section, the most affected period is the initial stage of
quenching.
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Figure 3.9: Effect of inaccurate initial condition definition in the IHCP solution

The most typical error in practice is an underestimation of the initial tem-
perature. Prior to the jet impingement, the plate must be removed from the
oven and placed in the setup. During this time, the plate surfaces cool down
more than the bulk. Since the thermocouple is installed close to the surface is
expected than the thermocouple reading is lower than the temperature in the
bulk of the plate.
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3.4.3 Effect of thermocouple contact

The assumption of perfect thermocouple contact is widely used when solving
the IHCP. In this section, the effect of wrongly assumed perfect thermocou-
ple contact in the IHCP solution is studied. Using the same predefined boiling
curve as before, we solve the DHCP including an extra heat transfer resistance
around the thermocouple tip location. The extra resistance is added as a differ-
ent material in zone F1, corresponding to the thermal silver paste. Its thermal
conductivity is set to 2 W/mK, which is within the range of typical conductiv-
ities for thermal silver paste. The silver paste is added to a region equivalent
to 0.2 mm around the thermocouple tip, which is based on the dimensions of
a 1.1 mm drill with triangular tip used for thermocouple installation by Leoca-
dio et al. [40]. This added heat transfer resistance in the DHCP corresponds to
the real extra resistance added by the thermal paste. The resulting temperature
profile in the thermocouple tip location is used to solve the IHCP after addition
of noise and with an ideal B value of 1 ·10−11.
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Figure 3.10: Effect of wrongly assumed perfect thermocouple contact in the IHCP solu-
tion. Boiling curves.

Figure 3.10 shows the resulting boiling curve when the thermal paste is ig-
nored in the IHCP. The material in F1 is defined as thermal silver paste in the
DHCP, but is defined as steel in the IHCP instead (see Table 3.1). The compari-
son shows the consequence of assuming perfect thermocouple contact when an
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extra resistance is in fact present during the experiment. As can be seen, the
boiling curve is strongly affected in the initial stages of the experiment, corre-
sponding to the step-like heat flux increase. At later stages of the experiment,
the estimation of lower frequency heat flux components is accurate despite the
ignored added resistance. Ignoring the silver paste resistance leads to a boiling
curve that strongly resembles the trend presented in literature when quenching
by subcooled water jet impingement [38,62]. Figure 3.10 also shows the effect
of including the silver paste region to INTEMP. When considering the extra heat
transfer resistance in the IHCP, the estimations are significantly closer to the
DHCP boiling curve.

Figure 3.10 shows that ignoring the extra thermal contact resistance leads to
the negative slope side of the boiling curve presented in literature. In the boil-
ing curve, the initial heat flux increase might be confused with a physical phe-
nomenon. In literature, the negative slope section is considered to correspond
to a transition boiling regime, similar than reported for pool boiling. However,
direct visualizations of the stagnation zone do not support this interpretations
and show that the maximum heat flux occurs well after stable nucleate boiling
is reached in the compete stagnation zone [40].
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Figure 3.11: Effect of wrongly assumed perfect thermocouple contact in the IHCP solu-
tion. Heat flux history in the initial stages of experiment.

Figure 3.11 shows the same heat flux profiles plotted over the first 0.5 sec-
onds of experiment, which lasts a total of 20 seconds. It can be seen that the
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heat flux peak occurs after only 0.15 seconds. Although the affected section
of the boiling curve in Figure 3.10 seems to describe a significant part of the
experimental data, it lasts a really short period of time. As shown along this
section, the results in the initial stages of experiment are very susceptible to
errors and should be carefully analyzed before making any conclusions, even if
they represent a significant section of the boiling curve.
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Figure 3.12: Effect of wrongly assumed perfect thermocouple contact in the IHCP solu-
tion. Surface temperature history in the initial stages of experiment.

As a result of the underestimation of the heat flux in the initial stages of
experiment, the surface temperature is strongly overestimated (Figure 3.12). In
the virtual experiment, the maximum surface temperature overestimation is 50
◦C after 0.05 s. In a real experiment, the surface temperature overestimation
would be much stronger due to several factors:

• Larger thermal resistance in the thermocouple contact

• Higher frequency components or higher peak in the real heat flux profile

• Accumulation of different factors. For example, joint effect of thermocou-
ple contact and inaccurate definition of initial conditions.

In order to confirm the hypothesis presented in Figure 3.3, the virtual exper-
iment presented in Figure 3.10 was repeated for different initial temperatures
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with overlapping predefined boiling curves. The results (Figure 3.13) confirm
the hypothesis shown in Figure 3.3 and show that ignoring the thermal paste
heat transfer resistance might lead to the effect of initial temperature reported
in literature. Moreover, and in agreement with the results presented in litera-
ture, the negative slope in the boiling curve is equal to different initial temper-
atures.
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Figure 3.13: Effect of initial temperature in the boiling curve with wrongly assumed per-
fect thermocouple contact.

Virtual experiments were performed ignoring thermal contacts with differ-
ent thermal conductivities (Figure 3.14). As could be expected, the closer the
thermal conductivity is to that of steel, the closer the estimation of the boiling
curve. This comes to show that ensuring the best thermal contact is crucial to
obtain accurate heat transfer estimations.

3.5 Recommendations for temperature measurement
and analysis of the IHCP solution

This Chapter presents a study on the limitations and factors affecting the per-
formance of the IHCM by using INTEMP. An important remark is that the same
results were obtained when using an IHCM coded in-house using Matlab (Rens
Niewehuizen, Master Project), showing that the conclusions drawn from this
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Figure 3.14: Effect of thermal paste conductivity in the boiling curve with wrongly as-
sumed perfect thermocouple contact.

study not only apply to results obtained by INTEMP, but also to other IHCM
algorithms. It is therefore important to address the consequences that these
IHCM limitations have on real experimental results. In this study, the extra heat
transfer resistance in the thermocouple contact has been linked to the presence
of the thermal silver paste. However, extra heat transfer resistances can also
arise from other installation methods as thermocouple welding. Changes in
steel microstructure or generation of cracks during welding of the thermocou-
ple tip to the steel plate would also result in added heat transfer resistances. It
was found that including the extra heat transfer resistances to the IHCM leads
to a significant improvement in the accuracy of the IHCP solution. However,
this requires to quantify these extra resistances very accurately. In practice, the
real extra resistance is unknown: exact thickness of thermal layer, quality of
contact between different materials, composition of new steel phases resulting
from welding, size and density of air cracks, etc. are factors that cannot be
determined accurately. As a result, the effect of the non-perfect thermocouple
contact cannot be compensated and accurate heat flux estimations in the initial
stages of quenching cannot be obtained. The main consequences of this inac-
curacy are the overestimation of the surface temperature in the initial stages of
experiment and the non-physical peak observed in the boiling curve. Therefore,
two measures will be taken when dealing with experimental data in the rest of
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this manuscript. The first one is not to link the surface temperature estimations
in the initial stages of quenching with the corresponding high speed recordings
in the stagnation zone. It is expected that the IHCP solution will result in surface
temperatures much higher than expected when compared to the observed boil-
ing regimes, as discussed in Section 3.2.1. The second measure is to not treat
the surface heat flux estimations in the initial stages of quenching as represen-
tation of a physical phenomenon, i.e. transition boiling. In future chapters, the
heat flux estimations in the initial stages of quenching and prior to the heat flux
peak will be treated as a non-physical artifact in the data and will be plotted for
reference using a discontinuous line.

3.6 Conclusions

The IHCM is widely used in experimental studies as a tool to estimate the sur-
face heat fluxes occurring during quenching. In this Chapter, the challenges
involved in solving the IHCP were summarized and a review of experimental
quenching studies was presented, indicating inaccuracies in the IHCP solution.
A hypothesis is presented in order to explain the inconsistencies found in lit-
erature. According to our hypothesis, the surface heat flux estimations are not
accurate in the initial stages of quenching, with great effect in the boiling curve
trend and overestimation of the surface temperatures. The hypothesis was veri-
fied by following a “virtual experiment” procedure that allows to solve the IHCP
with known surface heat flux. Using this procedure, the effect of the noise can-
celling technique, definition of initial conditions and the assumption of a perfect
thermocouple contact were analyzed. It was found that our hypothesis corre-
sponds to a situation of wrongly assumed perfect thermocouple contact. As a
result, the surface heat flux is underestimated in the initial stages of quenching
and a non-physical heat flux peak occurs. Consequently, the surface tempera-
ture is overestimated. Since the thermal contact quality cannot be accurately
assessed in practice, the IHCP solution will always be affected by the factors
listed above. It was concluded that two measures must be taken in order to
account with these findings. Firstly, the surface temperature estimations will
not be linked with the stagnation zone recordings in the initial stages of the
experiments. Secondly, the IHCP solution in the initial stages of experiment,
including the surface heat flux peak, will not be analyzed as representation of
any physical phenomenon and will be treated as an artifact.



Chapter 4
Nature of boiling during
rewetting. Jet stagnation zone.

This Chapter has been published in the Journal of Fluid Mechanics by Gomez
C.F., van der Geld C.W.M., Kuerten J.G.M., Liew R., Bsibsi M. and van Esch
B.P.M. (https://doi.org/10.1017/jfm.2020.232). Preliminary results were
shared in the 10th International Conference in Multiphase Flow in 2019, in
extended abstract and oral presentation format.

4.1 Introduction

4.1.1 Background and aim

Water jet impingement is widely used as quenching technique in industry due
to its high cooling potential. Controlled quenching is used in steel industry in
the so-called Run Out Table (ROT), where hundreds of water jet arrays impinge
on the moving steel slab. The steel slabs are cooled from approximately 900
◦C to the final coiling temperature, which varies between 700 and 150 ◦C de-
pending on the steel grade. The steel temperature evolution defines the final
microstructure and mechanical properties, and therefore the ROT is a key stage
in the production process.

The establishment of water-surface contact, also referred to as rewetting, is
one of the most crucial and complex phenomena occurring during quenching

 https://doi.org/10.1017/jfm.2020.232
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by water jet impingement. This contact can occur immediately after impinge-
ment or after a film boiling period, depending on the process conditions. In
any case, rewetting leads to a sharp increase of the surface heat flux due to
its promotion of vigorous boiling activity. Although an increase of heat flux
may seem desirable, uncontrolled rewetting can lead to several process compli-
cations. In metallurgy, uneven surface rewetting may lead to accumulation of
thermal stresses, deformations, non-homogeneous mechanical properties and
technical difficulties [12,67].

Experimental studies have reported rewetting to occur during subcooled wa-
ter jet impingement at surface temperatures up to 900 ◦C [26,27,63]. Rewetting
at such elevated temperatures implies the ability of water to maintain contact
with a surface at temperatures significantly higher than its thermodynamic limit
of superheat. The thermodynamic limit of superheat of water (TLS, or thermo-
dynamic limit for homogeneous nucleation) is 302 ◦C [1]. The TLS is the high-
est temperature that pure liquid water can sustain in a superheated metastable
state at atmospheric pressure. Above this limit, the superheated liquid suffers
instantaneous vaporization, also called explosive boiling. Assuming the veracity
of the experimental studies reporting rewetting temperatures up to 900 ◦C, the
mechanism by which liquid water contacts surfaces at such elevated tempera-
tures is not yet understood.

Quenching of surfaces at temperatures above the thermodynamic limit of
superheat (TLS) has been studied by Monde′s group. In an experimental study,
Woodfield et al. [65] observed chaotic water behavior during the first stages
of quenching. During this period, they report strong noise generation and de-
lay of the wetting front movement. Stable water-surface contact during this
period could not be confirmed by direct visualization, but intermittent contact
was assumed given the noise and the order of magnitude of surface heat flux.
The occurrence of explosive boiling followed by liquid deflection was assumed,
leading to intermittent wet-dry periods [28]. Given the timescale and location,
direct observations or frequency measurements to confirm this assumption were
not possible. Numerical studies allowed the estimation of the explosive boiling
time scale and limiting surface temperature, as well as the effect of material
properties, in a single contact scenario [24,25].

The presence of intermittent dry and wet periods during pool and jet boiling
has been speculated for a long time, based on boiling curve interpretations [64],
optical probe void fraction measurements [3], numerical modelling [55] and
sound recordings [65]. The frequency of this phenomenon has been reported
to be in the order of 2000 to 20 000 Hz [3, 55]. Temperature measurements
with sensors located inside the test plate cannot record surface temperature
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fluctuations at such elevated frequencies and surface sensors are likely to mod-
ify the boiling and flow patterns. Direct observations during rewetting have
been reported by Leocadio et al. [39], providing high speed recordings of the
subcooled jet stagnation zone by means of a borescope. Leocadio et al. [39] ob-
served a short period of stable film boiling at initial surface temperatures above
450 ◦C in the order of milliseconds. Their work focuses on the effect of surface
defects as rewetting promotors, the generation of air and vapor bubbles and a
hypothesis where surface defects pierce the vapor-liquid interface and initiate
the rewetting process. As far as the authors know, direct observations of inter-
mittent dry and wet periods or explosive boiling occurring during quenching by
water jet impingement have never been reported.

In industry, the water jet temperature is always below the water saturation
temperature (subcooled water). The presence of subcooled water in the bulk
is an expected added complexity when studying quenching. As pointed by Hall
et al. [22], subcooled water rewetting is likely to be hydrodynamically different
from rewetting in pool boiling or saturated jets. In addition, bubble dynamics
may be affected by the presence of subcooled water. Parker et al. [51], for ex-
ample, studied bubble behavior during pool boiling with subcooled bulk water.
Their study reported special behavior in up to 10 % of the observed bubbles,
including exploding, imploding or mushroom cloud bubbles.

Understanding the triggering and development of rewetting during quench-
ing by subcooled water jet impingement is a necessity in order to improve the
industrial process reliability and avoid economical losses. A comprehensive
mechanism for rewetting above the thermodynamic limit of water superheat
including experimental observations is yet to be described.

In the present study, we provide visual information regarding rewetting
triggering and propagation in the stagnation zone during subcooled water jet
quenching. The phenomena occurring in the initial stages of quenching are re-
corded at 81 kfps by using the high speed visualization technique developed
by Leocadio et al. [39]. Using this technique, we capture for the first time the
presence of cyclic explosive boiling when rewetting occurs in smooth and sand-
blasted surfaces above 300 ◦C, leading to intermittent wet-dry periods. The
dependency of the intermittent contact frequency on initial surface tempera-
ture and the area of the affected region will be examined and we will propose
a mechanism for subcooled water contact with surfaces at temperatures above
the TLS.
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4.1.2 Definitions

Some quenching concepts have received multiple names in literature, which
might lead to confusion. For that reason, the definitions employed in this
manuscript are summarized below:

1. Impingement: Instant when the tip of the water jet reaches the test plate
surface.

2. Stagnation zone: Area of the test plate directly underneath the circular
water jet nozzle.

3. Rewetting: Establishment of water-surface contact. If rewetting occurs
simultaneously over the complete stagnation zone, a single rewetting mo-
ment is defined. If multiple rewetting patches appear, the rewetting mo-
ment of each patch is defined as the moment when that particular patch
was first visible.

4. Delay to Rewetting: Time span between impingement and rewetting. If
film boiling occurs, the Delay to Rewetting is equal to the duration of the
film boiling regime. In case of absence of film boiling regime, the Delay
to Rewetting is equal to zero.

5. Flashing (boiling regime): Highly unsteady boiling regime, more fully de-
scribed in Section 4.3 of this paper.

6. Delay to First Flash: Time span between rewetting and the first boiling
intermittency or flash of the flashing boiling regime.

7. Thermodynamic Limit of Superheat (TLS): Highest temperature that pure
liquid water can sustain in a superheated metastable state at atmospheric
pressure. Above this limit, the superheated liquid suffers instantaneous
vaporization, also called explosive boiling.

8. Leidenfrost temperature: Surface temperature above which a droplet de-
velops a vapor cushion that isolates it from surface contact.

4.2 Methodology

The setup used to perform the quenching experiments is shown in Figure 4.1.
The main component is a demineralized water tank (A), which can be heated by
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an electrical heater (B) or pressurized by compressed air injection. The water
level is measured by three load cells (C) installed at 120 degrees from each
other around the tank. A circular nozzle (D) is screwed to the tank base. The
water jet impingement onto the hot steel plate (E) is triggered by opening a
pneumatic valve.

In this particular case, the water jet was driven by gravity and the water
temperature was kept at 25 ◦C. The nozzle diameter is 9 mm and it is located
at 3.6 cm from the plate surface, leading to a jet speed of 3.1 m/s.

The test plates were made from stainless steel AISI 316 with dimensions
50x50x10 mm3. A single K-type thermocouple was located in the center of the
plate at 1 mm below the test plate surface, for the sole purpose of measuring
the initial plate temperature. The test plate was heated by a portable resistance
oven to the desired temperature. The heating time was kept below 1 hour to
avoid surface damage by oxidation, leading to a maximum test plate tempera-
ture of 650 ◦C.

Test plates with different surface finishes were used to study the effect of sur-
face topology on rewetting. Three different test plates were used: a mirror-like

Water

A

B

C

D

E

H

F

G1

I

J

   Air
P

Tw

Figure 4.1: Quenching setup schematic. A: Water tank. B: Water heater. C: Load cells
(water flow measurement by tank weight change). D: Pneumatic valve and
jet nozzle. E: Test plate. F: Borescope in tubing. G1: High speed camera
(stagnation zone view). H: LEDs illumination ring. I: Electrical box. J: PC
for triggering and data acquisition.
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smooth plate, a sandblasted rough plate and a plate with half smooth and half
rough surface. The roughness was analyzed by confocal optical profilometry
at x5 magnification (Sensofar Plµ). The mirror-like surface was achieved first
by sandpaper polishing and subsequently cloth polishing with 3 µm diamond
particle spray, resulting in an average roughness of 300 nm. The sandblasted
surface was machined in a sandblasting machine, resulting in a surface with an
average roughness of 5 µm with peaks at a maximum height of 17 µm. The
half-half surface was firstly polished, and later sandblasted while shielding half
of the surface from the sanding.

The events occurring in the jet stagnation zone during the first instants of
quenching were recorded at high speed by use of a fixed borescope (Figure 4.1,
F), installed in a tube that traverses the water tank and has a viewing window
right above the jet stagnation zone. The borescope was type R080-028-090-
10 from Olympus, with a working length of 280 mm and focal distance of 80
mm. The recordings were made using a high speed camera (Figure 4.1, G1)
model Photron SA-X2 at 81 000 fps with resolution 512x272. The recording is
triggered when the pneumatic valve is opened.

The main recording limitations are the spatial resolution and the frame rate.
Given the spatial resolution, objects smaller than 0.1 mm and/or with blurry
edges are difficult to be discerned. This could limit the observation of small
bubbles or rewetting incipience spots. The recording frame rate and record-
ing length are limited by the internal memory of the high speed camera. The
authors selected the recording settings that allowed to observe the complete
rewetting process with the maximum frame rate possible, resulting in a record-
ing time of 87 ms at a frame rate of 81 kfps. The recordings provide discretized
information in the form of video frames, meaning that any perturbation of fre-
quency exceeding 40.5 kHz will not be perceived correctly.

4.3 Rewetting recordings

In this section, the high speed recordings corresponding to the initial stages
of quenching of surfaces at 650 ◦C when using a circular water jet at 25 ◦C
are presented. Given the strong differences, sandblasted and smooth surface
recordings are described separately.

The boiling regimes observed in the high speed recordings are depicted us-
ing snapshots. These snapshots have been selected to illustrate the events seen
in the recordings as clearly as possible. The complete rewetting recordings cor-
responding to the sandblasted and smooth surfaces are attached as supplemen-
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tary material (Appendix A, Movies 4 and 5, respectively). The images consist
of a circle that corresponds to the jet stagnation zone (9 mm diameter) as seen
from above.

4.3.1 Sandblasted surface

Rewetting recordings on sandblasted surfaces show immediate rewetting and
vigorous boiling activity, even before the jet has developed over the complete
stagnation zone. This vigorous boiling activity lasts for 45 ms after jet impinge-
ment on a plate with initial temperature of 650 ◦C. The initial vigorous boiling
regime could be wrongly assumed to be chaotic if the recordings are played at
high playback speed. When examining the recordings frame by frame, a pattern
is perceived.

Figure 4.2 shows snapshots during a total period of 0.56 ms, showing con-
secutive bubble-rich and bubble-less periods alternating at high frequency. Sud-
den bubble generation occurs over the whole stagnation zone (Figure 4.2A). In
the following frames, all the bubbles collapse (Figure 4.2B and C). After col-
lapse, the surface is left bubble-less for a certain period of time before new
bubbles suddenly nucleate (Figure 4.2D). As observed before in Figure 4.2B,
all the bubbles collapse (Figure 4.2E) leading to a new bubble-less period (Fig-
ure 4.2F). Both bubble generation and bubble collapse occur synchronously over
the complete stagnation zone. This repetitive behavior is observed as a flashing
pattern in the recordings, with intermittent dark bubble-less periods and bright
bubble-rich periods. This is most clearly seen if the movies are played at very
low playback speed.

When flashing ceases after 45 ms (for initial surface temperature of 650 ◦C),
boiling occurs in a particular manner (Figure 4.3). Big bubbles are observed
with long life times, in the order of 2-6 ms (Figure 4.3A-G). These bubbles are
much bigger than nucleate boiling bubbles. The big bubbles usually coalesce,
sometimes growing to occupy the complete stagnation zone (9 mm diameter)
before collapsing. During bubble growth, boiling activity is not observed inside
the bubble, indicating that the surface in the bubble foot is dry. After collapse of
the big bubbles with long life time, flashing is observed in the surface previously
occupied by the bubble foot (Figure 4.3G-I), indicating reheating of the surface
during the bubble growth period.

Both the flashing boiling regime and the big bubbles regime are unstable
boiling regimes that do not correspond to film boiling or a normal nucleate
boiling regime. These regimes could correspond to different stages of a regime
comparable to the transition boiling observed in classical pool boiling. The ex-
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istence of two different stages with intermittent contact and big bubbles agrees
with the boiling curve interpretations by Witte et al. [64] and is similar to the
visualizations of the classical transition boiling regime [16].

When the big bubbles regime ceases, stable generation of nucleation boiling
bubbles is observed, with a maximum observed diameter of 0.2 mm and lifetime
of 0.1 ms. Given the small size of these boiling bubbles and their low density,
the authors suspect that the average bubble diameter in this case is too small to
be observed in the recordings.

The observations reported in the above are typical for sandblasted surfaces
with initial plate temperature in the range 300 to 650 ◦C.

A B C

D E F

1 mm

Figure 4.2: Rewetting during sandblasted plate quenching; initial plate temperature of
650 ◦C and water jet at 25 ◦C. Flashing regime. The circle corresponds to
the 9 mm diameter stagnation zone. Time after impingement: A: 9.931 ms;
B: 10.111 ms; C: 10.214 ms; D: 10.308 ms; E: 10.456 ms; F: 10.493 ms.
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Figure 4.3: Rewetting during sandblasted plate quenching; initial plate temperature of
650 ◦C and water jet at 25 ◦C. Big bubbles regime. The circle corresponds
to the 9 mm diameter stagnation zone. The continuous red lines correspond
to the visible bubble foot and the dotted lines correspond to the position of
the collapsed bubble foot. Time after impingement: A: 57.123 ms; B: 58.086
ms; C: 58.629 ms; D: 59.296 ms; F: 59.876 ms; G: 60.370 ms; H: 60.666
ms; I: 60.802 ms.
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4.3.2 Smooth surface

Figure 4.4 corresponds to a series of snapshots taken from the high speed
recordings during the quenching process of a smooth plate at 650 ◦C. As re-
ported before by Leocadio et al. [40], an initial film boiling period is observed
(Figure 4.4A). The film boiling regime is characterized by the presence of small
moving white spots, which do not condense or coalesce. These objects have
been reported to correspond to air bubbles at/near the vapor-liquid interface
[39]. We expect that these bubbles are degassing bubbles formed on dust parti-
cles in the heated liquid.

After 20 ms, a small bright area appears close to the center of the stagnation
zone (red arrow, Figure 4.4B), indicating the start of a rewetting zone. As the
bright area grows to show vigorous boiling activity in its interior, new bright
areas appear in its surroundings (Figure 4.4C). At some point in time, the dif-
ferent growing boiling areas merge (Figure 4.4D-E) and occupy the complete
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Figure 4.4: Rewetting during smooth plate quenching; initial plate temperature of 650
◦C and water jet at 25 ◦C. The circle corresponds to the 9 mm diameter
stagnation zone. Time after impingement: A: 7.852 ms; B: 19.555 ms; C:
23.457 ms; D: 31.617 ms; E: 39.420 ms; F: 63.185 ms.



4.3 Rewetting recordings 55

stagnation zone (Figure 4.4F).
The rewetting behavior on smooth surfaces is significantly different from

sandblasted surfaces. However, playing the smooth surface recordings frame
by frame reveals the same flashing pattern as observed for sandblasted plates.
Snapshots of bright bubble-rich and dark bubble-less periods in a smooth sur-
face are presented in Figure 4.5. When more than one wet patch appeared,
flashing was observed in all the patches.

Flashing ceases after a certain time, before the complete surface is rewet-
ted. When flashing in the wet patches ceases, stable nucleate boiling occurs.
Nucleate bubbles in this case have a lifetime between 32.5 and 129.3 µs and
maximum diameter of 0.6 mm. The density of nucleate bubbles in smooth sur-
face recordings is significantly higher than in the sandblasted surface. For nor-
mal nucleate boiling and similar to our findings, Paz et al. [52] reported smaller
bubbles on rough surfaces than on smooth surfaces, which they attributed to the
number of pores in the surface, their size and the modification of the contact
angle. Similar findings were reported by Sisman et al. [56].

The observations reported above are typical for smooth surfaces with initial
plate temperature in the range 500 to 650 ◦C. At initial temperatures between
300 and 500 ◦C, the initial vapor film collapses prematurely in the complete
stagnation zone and leads to flashing in the complete stagnation zone in a way
comparable to the sandblasted surface recordings. A typical recording showing
this behavior is attached as supplementary material (Appendix A, Movie 6).

A B C

Figure 4.5: Flashing frequency on a smooth plate (see brightness changes in central
patch); initial plate temperature of 650 ◦C and water jet at 25 ◦C. The circle
corresponds to the 9 mm diameter stagnation zone. Time after impingement:
A: 23.284 ms. B: 23.420 ms. C: 23.469 ms.
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4.3.3 Half smooth/Half sandblasted surface

In order to isolate the effect of surface finish from other factors like jet pressure
instabilities or water temperature variations, a surface presenting both topolo-
gies was quenched under similar conditions (initial temperature 650 ◦C and
water temperature 25 ◦C). Figure 4.6 shows representative snapshots of the
rewetting phenomenon during that test. In the recordings, the left half of the
stagnation zone corresponds to the sandblasted surface finish, while the right
half corresponds to the smooth surface finish. The movie corresponding to these
snapshots can be found as supplementary material (Appendix A, Movie 7).

As can be seen, despite of the proximity of both sections, each half shows the
exact same behavior as in the corresponding single topology test. On the left
side, the sandblasted area shows flashing behavior (Figure 4.6A-C) followed
by big transition boiling bubbles (Figure 4.6D and E). On the right side, the
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Figure 4.6: Rewetting during quenching of a half sandblasted (left) and half smooth
(right) plate; initial plate temperature of 650 ◦C and water jet at 25 ◦C.
The circle corresponds to the 9 mm diameter stagnation zone. Time after
impingement: A: 13.222 ms, B: 13.333 ms, C: 13.432 ms, D: 33.445 ms, E:
42.272 ms, F: 68.370 ms.
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smooth area shows film boiling (Figure 4.6A-C) followed by small rewetting
patches (Figure 4.6D and E), initially flashing and later showing stable nucleate
boiling bubbles.

Interestingly, around the time that the first rewetting patches appear in the
smooth side, a wetting front is observed moving from the edge of the sand-
blasted area to the right smooth side (Figure 4.6D and E). Given that rewetting
occurs on the sandblasted side around 28 ms before rewetting on the smooth
side, one could assume that in Figure 4.6D the sandblasted side is cooler than
the smooth side. In that case, the smooth surface in proximity to the sand-
blasted side could be cooled by internal conduction leading to the wetting front
movement. As time passes, the wet areas on the smooth side grow and occupy
the complete recording zone. At that point, nucleate boiling is observed in the
complete stagnation zone (Figure 4.6F). Once again, the differences in mean
bubble size between smooth and sandblasted areas is striking (Figure 4.6F).

4.4 Flashing behavior analysis

A peculiar flashing behavior has been observed during quenching of surfaces at
up to 650 ◦C by subcooled water jet impingement at ambient pressure. In this
section we clarify and analyze this phenomenon, including the effect of surface
topology, initial surface temperature and length scale.

4.4.1 Surface topology effect

The high speed recordings presented in Section 4.3 show a flashing regime
on both smooth and sandblasted surfaces. However, major differences regard-
ing the rewetting incipience are observed between the two surface topologies.
Quenching recordings on a half smooth and half sanded surface show that, at
equal conditions, a smooth surface finish initially leads to a film boiling regime
while a sandblasted surface finish triggers immediate rewetting and flashing.
The surface topology apparently plays a major role in the rewetting tempera-
ture and rewetting mechanism.

In the past, the Leidenfrost temperature has been reported to be highly de-
pendent on surface topology and surface wetting. Kim et al. [36] reported
an increase of the Leidenfrost temperature for highly porous surfaces, lead-
ing to immediate water-surface contact and violent boiling activity and without
the expected film boiling regime. When a smooth surface was used under the
same conditions, film boiling was observed before small liquid contact areas ap-
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peared. Bradfield et al. [4] reported the occurrence of some kind of explosive
liquid-solid contact when pool quenching a highly porous graphite test piece.
At equal conditions, smooth test pieces showed stable film boiling.

The studies mentioned above attribute the apparent decrease of the Leiden-
frost temperature of porous surfaces with respect to smooth surfaces to their
increased wettability. The relatively low wettability of a smooth surface leads
to a stable vapor film. A porous, rough surface promotes water contact and we
expect that, at sufficiently high surface temperature, this leads to water super-
heating and explosive boiling.

Although the rewetting and Leidenfrost temperatures do not share the same
definition, they are related. Our direct recordings show similar behavior as
found by others in studies on the Leidenfrost effect. At similar surface and
water temperature, smooth surfaces exhibit an initial film boiling period while
sandblasted surfaces show immediate rewetting, as shown in Section 4.3.

Our physical interpretation of this phenomenon is as follows. Liquid im-
pinging on a rough surface has inertia that allows it to make contact with peaks
on the surface. These peaks may for example result from artificial roughening
of a surface (sandblasting). The contact depends on the angle of impact, but
not on the temperature difference between liquid and surface. If the surface is
rough enough for vapor (generated after or during contact) to escape sideways,
contact between new liquid and the solid surface establishes even at surface
temperatures exceeding the water superheat limit. As a result, a large amount
vapor is generated in a short period of time (explosive boiling).

4.4.2 Initial plate temperature effect

Successive cycles of bubble-rich and bubble-less periods occur during flashing
at a regular rate that will be named flashing frequency in the following. In
this section, the effect of initial plate temperature on the flashing frequency
is presented for sandblasted and smooth surfaces. The flashing frequency is
estimated based on the measured duration of 3 consecutive cycles. The duration
of the cycles is counted by the number of frames between bubble-less periods.
The maximum error in the duration of 3 consecutive cycles is equal to the time
lapse between two consecutive frames (1/81000 s). Therefore, the error bar for
a frequency measurement of 40 kHz extends from 34 kHz to 48 kHz. The error
bar for a frequency measurement of 1500 Hz extends from 1491 to 1509 Hz.

For sandblasted surfaces at initial temperatures above 300 ◦C, immediate
rewetting is observed. Therefore, the Delay to Rewetting is equal to zero at all
the studied temperatures, as shown in Figure 4.7. A delay is observed between
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rewetting and the first flash of the flashing boiling regime, denominated here
as Delay to First Flash. The Delay to First Flash decreases with increasing initial
plate temperature, also shown in Figure 4.7.

Figure 4.8 shows the effect of the initial surface temperature on the flashing
frequency of sandblasted surfaces quenched by a water jet at 25 ◦C. Given that
the Delay to Rewetting in these cases is zero, the delays observed in Figure 4.8
correspond to the Delay to First Flash, also presented in Figure 4.7 as empty
squared markers. The flashing frequency is highest in the first cycles and de-
creases progressively until flashing ceases. Lower initial surface temperature
leads to lower frequencies overall, as well as to shorter duration of the flashing
regime. Flashing is not observed at surface temperatures below 300 ◦C, where
stable nucleate boiling occurs immediately after impingement. This limit is in
the order of the thermodynamic limit for water superheat (302 ◦C, [1]) and es-
timations of the surface temperature required for explosive boiling by Hasan et
al. [24].The cycle duration measured from our recordings is significantly lower
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Figure 4.7: Delay to Rewetting and Delay to First Flash at different initial temperatures
for different surface topology. The Delay to First Flash cannot be estimated
in smooth surfaces due to the poor visibility of the small rewetting patches
in the early stages of rewetting and the complexity of the non-homogeneous
collapse of the vapor film.
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than the explosive boiling time scale calculated by Hasan et al. [25], which re-
sult from modelling a stagnant water film in a single contact scenario and do
not include the bubble interaction with subcooled water. A complete intermit-
tent contact boiling model including the effect of subcooled water [55] resulted
in frequencies of the same order of magnitude as our measurements. Bognadic
et al. [3] also reported comparable intermittent contact frequencies resulting
from optical probe measurements during water jet impingement boiling.

Peaks in the frequency history occur in the experiment with initial surface
temperature equal to 650 ◦C and 500 ◦C (Figure 4.8, circle and square markers,
7 and 14 ms after impingement). These peaks correspond to the stagnation
zone being divided into 2 zones with unsynchronized flashing: for instance,
one half of the stagnation zone is bubbly and the other half is bubble-less at the
same time. The fact that the two zones are completely out of phase indicates
that the different flashing zones behave as coupled oscillators affected by the
water flow and bubble growth. In these cases, the frequency estimations are
based on one of the two flashing areas. However, the frequencies of both areas
are comparable. The frequency decreases as soon as the two flashing zones
come in phase again and a single flashing zone is observed. The increase in
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Figure 4.8: Flashing frequency histories measured on a sandblasted plate; water jet at
25 ◦C. The legend corresponds to the initial surface temperature.
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frequency during asynchronous flashing in the stagnation zone can be related
to a reduction of the length scale of the flashing area that results in increased
frequency; this will be further examined in the next section.

On smooth surfaces at initial temperatures between 300 and 450 ◦C, stable
film boiling does not occur. Only a premature and unstable vapor film is ob-
served before multiple rewetting patches appear over the complete surface and
a flashing regime develops similar to what was observed on a sandblasted sur-
face. The premature vapor layer leads to very short Delay to Rewetting in this
temperature range (Figure 4.7), which increases with initial plate temperature
as the vapor layer thickens. In this range, the effect of initial plate temperature
on the flashing frequency in smooth surfaces (Figure 4.9) is comparable to the
sandblasted experiments. Similar to sandblasted surfaces, there is absence of
flashing at temperatures below 300 ◦C. Therefore, it is concluded that flashing
occurs independently of the surface finish and only if the surface temperature
is above the thermodynamic limit of superheat of water.

At initial temperatures above 450 ◦C, a stable film boiling regime occurs in
smooth surfaces, which leads to differences compared to sandblasted surfaces.
As can be observed in Figure 4.7, the Delay to Rewetting in smooth surfaces, cor-
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responding to the film boiling duration, significantly increases with temperature
above 450 ◦C. This indicates that a longer cooling time is necessary to reach the
rewetting temperature that allows the appearance of rewetting patches. After
this period of stable film boiling, flashing is only observed inside small rewetting
patches, as described in Section 4.3.2. The frequency estimations in Figure 4.9
show that flashing in small patches occurs at frequencies substantially higher
than in other experiments where flashing occurs over the complete stagnation
zone. The surface temperature alone is not likely to provide an explanation for
the higher frequencies, since the sandblasted surfaces do not show this sudden
frequency increase at similar initial temperatures. A possible explanation is in
the decrease of the length scale of the flashing area, which is further explored
in the next section.

4.4.3 Length scale effect

In the previous section we presented two phenomena that might be explained
by a dependency of the flashing frequency on the length scale of the flashing
region. The first one is a boost in frequency by the occurrence of a second out-of-
phase flashing region in the stagnation zone. The second one is the significantly
higher flashing frequency in rewetting patches that are small as compared to
complete stagnation zone.

The flashing area in sandblasted surfaces could extend beyond the observ-
able stagnation zone, hindering an estimation of the length scale of the area
where the flashes occur. Luckily, the size of the flashing patches in smooth
plates after film boiling is limited, allowing measurement of the flashing patch
area.

Estimations of flashing area, cycle duration, and time after rewetting were
therefore made in rewetting patches at different locations in the stagnation zone
on smooth surfaces at initial plate temperatures of 500, 550 and 650 ◦C. The
time since the patch emerged is the lapse of time since that particular patch
was first visible in the recordings. The area of flashing patches was estimated
assuming an elliptic shape and measuring the width and length of the patch.
Only flashing cycles with distinct and sharp edges of the patch were selected,
to minimize the error in the size estimations. The total error in the diameter
measurements is assumed to be in the order of the smallest visible object in
the recordings (ca. 0.05 mm), resulting in the following typical measurements:
0.1±0.03 and 1.3±0.1 mm2.

Figure 4.10 shows the relationship between flashing patch area, flashing
cycle duration and time since each patch emerged after film boiling in smooth
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surfaces. As pointed out before, length scale measurements in sandblasted sur-
faces and smooth surfaces below 500 ◦C are not possible because flashing could
extend outside of the field of view.

The results show a correlation between flashing frequency and patch area,
independent of patch location in the stagnation zone. The trend confirms the
observations from the previous section that an increase in length scale leads to
an increase of flashing cycle duration, i.e. a decrease in flashing frequency.

The fact that the cycle duration is independent of the patch location indicates
that it does not depend on the pressure or speed variation along the stagnation
zone. Another important conclusion from Figure 4.10 is that patches of equal
area always show the same flashing frequency at the same time since the patch
emerged, independently of the initial plate temperature. This indicates that the
rewetting patches always appear at the same surface temperature, i.e. the tem-
perature that allows contact between wall and liquid, or rewetting temperature.
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Figure 4.10: Flashing cycle duration vs rewetting patch area. The legend gives the initial
surface temperature and an indication of the patch location in the stagna-
tion zone. The marker color indicates the lapse of time since that certain
rewetting patch became visible in the recording (time since patch emerged),
and the axes corresponds to the patch area and flashing cycle duration at
that particular moment.
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The rewetting patch acts as a heat sink and, as times goes on, cooling of the sur-
rounding surface by internal conduction leads to an outward movement of the
wetting front and increase of the patch area.

A physical explanation of these data is presented in section 4.5.1.

4.5 Flashing cycle

A big discussion in the field is the possibility of stable rewetting above the ther-
modynamic limit of water superheat [23–25,28,65]. If stable rewetting occurs
at such elevated temperatures, the question is by which mechanism liquid water
is allowed to maintain contact with a surface above the superheating limit.

The high-speed recordings of the stagnation zone of Section 4.3 indicate
that water-surface contact occurs almost instantly at temperatures way above
the thermodynamic limit of superheat (TLS). In cases where the initial sur-
face temperature is above 300 ◦C, a unique and highly temperature dependent
phenomenon is observed: successive bubble-rich and bubble-less periods corre-
sponding to a highly dynamic flashing boiling regime.

Based on the direct observations presented in the previous sections, we pro-
pose the following hypothesis that relates this flashing boiling regime to water-
surface contact at elevated temperatures. An explosive boiling cycle is proposed
that consists of 4 stages (Figure 4.11):

1. Water film superheating: Upon contact with a surface above the thermo-
dynamic limit of superheat or TLS (302 ◦C, [1]), the temperature of the
water film adjacent to the surface rapidly increases to above the saturation
temperature into the superheated range.

2. Explosive boiling: When the water temperature reaches the TLS, the metastable
superheated water undergoes a violent phase transition, named explo-
sive boiling, to a more stable two-phase state. The explosive boiling phe-
nomenon generates rapidly growing vapor bubbles.

3. Bubble collapse: Once the vapor bubbles grow to be thicker than the su-
perheated water film, contact with the bulk subcooled water occurs. The
vapor bubbles collapse upon contact with the cold fluid [51].

4. Subcooled water film renewal: The volume previously occupied by vapor
bubbles is immediately filled with the impinging subcooled water. The
subcooled water film absorbs heat from the hot plate surface, returning to
stage (i) again and hence closing the cycle.
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The energy required for vaporization is taken from the solid surface, whose
temperature decreases. The cycle is stopped once the surface temperature is no
longer high enough to elevate the water temperature above the TLS. From that
moment onward, more regular types of boiling occur.

Our hypothesis explains the mechanism of rewetting at temperatures above
the superheat limit. The continuous feeding of new subcooled water in the
bulk is in essence the explanation for rewetting occurring at elevated surface
temperatures. According to our hypothesis, dynamic water-surface contact at
surface temperatures above the TLS is allowed by a cyclic explosive boiling
activity, maintained by condensation of the vapor bubbles upon contact with
continuously refreshed bulk subcooled water.
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Figure 4.11: Liquid contact hypothesis: cyclic explosive boiling and condensation.
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4.5.1 Flashing cycle and length scale effect

The study in section 4.4.3 shows that smaller flashing areas correspond to
shorter flashing cycle duration, or higher flashing frequency. The edges of the
small rewetting patches considered in section 4.4.3 are a limit for bubble growth
during the flashing cycle. As a consequence, the area of the rewetting patch is
considered to be the maximum bubble area. The smaller the patch area, the
smaller is the maximum allowed bubble size, and the shorter the cycle dura-
tion. The rewetting patch acts as a heat sink, cooling the surrounding surface
by internal conduction as time goes on. As a result, the patch size increases
with time, the maximum allowed bubble size increases and so does the flashing
cycle duration. When the complete stagnation zone is rewetted, the flashing
zone length scale is equal to or bigger than the stagnation zone and therefore
the limits of the flashing areas are usually not visible. In the few cases where
two flashing zones are visible, the flashing cycles are completely out of phase
and behaving as coupled oscillators. This observation is also in agreement with
Seiler-Marie et al. [55], which stated that if liquid contact occurs in one inter-
mittent contact zone, vapor must be ejected in another nearby zone. Our obser-
vations indicate that synchronous flashing or the presence of a single flashing
zone is the preferred situation in the stagnation zone, possibly as a consequence
of the jet pressure distribution.

The data of Figure 4.10 shows two trends with increasing patch area. From
0 to about 0.4 mm2 the cycle duration is proportional to the area. For higher
values a levelling off can be seen, with possibly a linear dependency with a
lower proportionality constant. Since the bubbles created in the flashing patch
area grow nearly simultaneously, the combined interfaces of the bubbles are
essentially the interface of a gas pocket with a typical area of the size of the
flashing patch. It is well known that in the early stage of bubble growth the
interfacial area is proportional with time [2, 53, 61]. In this period, diffusion is
the controlling mechanism, making the typical length scale proportional to the
square root of time and the typical area proportional to time. The observation
that the relation in Figure 4.10 is linear up to about 0.4 mm2 indicates that
diffusion of heat is the controlling mechanism and that the generated vapor
behaves collectively as a single bubble. The data is in quantitative agreement
with the experimental data presented by Baltis et al. [2] for the growth of a
single bubble: 0.2 mm2 for 50 µs growth time, versus ca. 0.15 mm2 for the same
growth time in Figure 4.10. Moreover, the linear relationship is in agreement
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with the following relation derived by Van Ouwerkerk [61]:

R ∝ Ja ·pα · t , (4.1)

where R is the bubble radius, Ja is the Jakob number, t is the bubble growth
time and α is the thermal diffusivity. The Jakob number is defined as Cp ·(Tw all −
Tsat )/hvap , where Cp is the specific heat of the fluid, Tw all and Tsat are the
surface and saturation temperatures, respectively, and hvap is the enthalpy of
vaporization. In this particular case, the relationship holds although Tw all varies
with time as cooling occurs, similar to Van Ouwerkerk [61] and Baltis et al. [2].

For rewetting patches bigger than 0.4 mm2, Figure 4.10 shows a levelling
off in the cycle duration. For a single bubble behavior, the longer the time
since the patch emerged, the lower the temperature at the wall has become, the
smaller the Jakob number and the slower bubble growth should be. However,
the levelling off in the cycle duration in Figure 4.10 shows the contrary. This
change of trend is likely to indicate that the vapor generated in patches bigger
than 0.4 mm2 no longer behaves as a single bubble, but instead as a group of
several bubbles, each smaller than the patch.

The two different trends are also visible in Figure 4.9 at temperatures equal
or higher than 500 ◦C. An initial sharp frequency decrease is observed corre-
sponding to the first regime, highly affected by the length scale of the patches,
where the vapor behaves as a single bubble. In a second regime with more stable
frequencies, the curves resemble those where flashing occurs over areas larger
than the stagnation zone. As pointed out in section 4.4.3, length scale quantifi-
cation is not possible if flashing occurs over the complete stagnation zone, since
the flashing area may extend beyond the field of view of the borescope.

4.5.2 Flashing cycle and initial temperature effect

The effect of initial temperature on the flashing frequency (flashing over the
complete zone in Figures 4.8 and 4.9 below 500 ◦C) is also explained by the
Jakob number relation by Van Ouwerkerk [61]. A higher initial surface temper-
ature corresponds to a higher driving temperature difference for bubble growth,
Tw all -Tsat . The higher the temperature difference, the higher the Jakob num-
ber and the faster the bubble growth step. It is expected that the height of the
effective vapor layer, probably consisting of several bubbles next to each other,
increases during a single flash cycle. Henceforth, a smaller growth velocity leads
to a longer time for bubble growth, a longer flashing cycle and a lower flash-
ing frequency. The same argument holds for the decrease of flashing frequency
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over time; the longer the flashing regime has occurred, the lower the surface
temperature and therefore the lower the frequency as well.

Regarding the Delay to the First Flash, sandblasted surfaces showed a de-
creasing delay for increasing initial plate temperature (Figure 4.7). At higher
initial temperature, shorter times are required for the subcooled water film to
reach the superheated state and to suffer explosive boiling for the first time.
This explains the first flash to occur earlier with increasing initial plate temper-
ature.

4.6 Conclusions

The possibility of rewetting happening at surface temperatures above the TLS
has been an important discussion in the field of quenching. Many have specu-
lated on a possible explanation [23–25,28,65], but closure can only be found in
direct optical observations under hardly accessible circumstances. The question
by which mechanism liquid water is allowed to contact surfaces at such elevated
temperatures has been answered in the present study with the aid of dedicated
experiments. Using a stagnation zone visualization technique, we provide high
speed recordings of rewetting of a subcooled water jet during quenching of both
smooth and sandblasted surfaces. The recordings show the presence of inter-
mittent and violent bubble generation at surface temperatures above the TLS.
A hypothesis is presented that explains the mechanism by which rewetting oc-
curs when quenching surfaces at elevated temperatures by subcooled water jet
impingement. The following conclusions are drawn:

• At initial plate temperatures above the TLS a new and dynamic boiling
regime is observed, consisting of cyclic violent bubble formation followed
by bubble collapse. This regime has intermittent bubble-rich and bubble-
less periods at frequencies up to 40 kHz. This so-called cyclic explosive
boiling regime occurs independently of the surface topology. At higher
initial plate temperature, the intermittency occurs at higher frequencies.

• A clear relationship is found between the flashing cycle duration and the
area of the flashing patch. For flashing areas smaller than 0.4 mm2, the
relationship indicates a diffusion controlled mechanism and single bubble
behavior.

• According to our hypothesis, the subcooled water suffers superheating
and subsequent rapid boiling at elevated surface temperature (above 300
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◦C). The violently growing bubbles contact the subcooled bulk water and
collapse, allowing the refreshing of the subcooled water film. This cycle is
repeated until the surface temperature is below the TLS.





Chapter 5
Nature of boiling during
rewetting. Side view.

5.1 Introduction

Side view recordings during quenching by water jet impingement provide in-
formation on the flow pattern of the water film that spreads along the plate
surface. Compared with the stagnation zone recordings presented in Chapter 4,
the side view images have the disadvantage of not providing information on the
bubble dynamics on the plate surface. However, side view recordings provide
information over a much larger area of the test plate, extending far beyond the
stagnation zone. For this reason, the conclusions presented in this chapter are
used as a basis to analyze results obtained during quenching of moving surfaces
(see Chapter 7). Given their bigger field of view, side view recordings of moving
surfaces enable to distinguish differences in boiling patterns along the complete
test plate.

In the previous chapter, a study was presented on the rewetting mechanism
during quenching of stationary surfaces by water jet impingement by means of
direct observations of the jet stagnation zone. This chapter continues said study
with the analysis of high speed side view recordings, including the effect of sur-
face finish and a comparison between subcooled and saturated jet impingement.
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5.2 Methodology

The results presented in this chapter were obtained using the experimental
setup for the stationary quenching experiments described in Chapter 2. The
test plates were machined as described in Chapter 4. The side view recordings
were made using a Photron SA-3 camera. The images were taken at a frame
rate of 1000 fps and with a resolution of 640x640. These parameters and the
size of the internal memory of the camera limit the maximum possible recording
duration to 7 seconds.

5.3 Subcooled water jet

In this section we describe the high speed side view recordings obtained when
quenching a sandblasted, and next a smooth test plate at 650 ◦C, by impinge-
ment of a subcooled circular water jet at 25 ◦C.

5.3.1 Smooth surface

Figure 5.1 shows representative snapshots obtained from the side view record-
ings during quenching of a smooth surface. The complete video can be found
as supplementary material (Appendix A, Movie 8). Labelling of the snapshots
is made with respect to the impingement moment (Figure 5.1a), as defined in
Chapter 4.

After impingement, smooth surfaces show the development and movement
of a wetting front along the test plate (Figures 5.1b and 5.1c). As reported by
others, indications of strong boiling activity in the wetting front are observed
in the form of detachment of small droplets and vigorous movement of the
water film. Moreover, the observation of water droplets sliding in the test plate
surface in Figure 5.1b indicate that the plate surface temperature remains above
the Leidenfrost point.

After the wetting front has reached the edges of the plate, a smooth water
film is observed in the complete plate surface (Figures 5.1d to 5.1f).

5.3.2 Sandblasted surface

Figure 5.2 shows representative snapshots obtained from the side view record-
ings during quenching of a sandblasted surface. The complete video can be
found as supplementary material (Appendix A, Movie 9).
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a. Impingement b. Impingement + 5 ms c. Impingement + 10 ms

d. Impingement + 20 ms e. Impingement + 35 ms f. Impingement + 60 ms

Figure 5.1: Snapshots from side view recordings during quenching of a smooth plate;
initial plate temperature of 650 ◦C and water jet at 25 ◦C. Development of a
stable water flow during film boiling and rewetting.

Initially, the water jet calmly spreads along the plate in the direct vicinity
of the stagnation zone (Figure 5.2b). As a film of water starts to develop on
the test plate, the water is violently splashed in an explosive way (Figures 5.2c
to 5.2f). This splashing starts to diminish after some time (Figure 5.2g) and
ceases 45 ms after impingement (Figure 5.2h). Finally, a smooth stable water
film is observed over the whole area of the test plate except the jet region for
the remainder of the experiment (Figure 5.2i).

It is important to note that a delay between impingement and the splashing
of water is observed in the side view recordings. In this particular case the
delay of 20 ms (time difference between Figures 5.2a and 5.2c) corresponds to
the development of a water film along the test plate surface. According to this
observation, water splashing is only observed once a water film develops over
the test plate surface.

The violent water splashing observed during quenching of sandblasted sur-
faces is different than the wetting from boiling activity presented in the case
of smooth surfaces and reported by others before [33]. In this case, the water
splashing is more violent and occurs over the complete water film instead of
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just in the wetting front region.
Interestingly, sandblasted surfaces only show strong water splashing at ini-

tial temperatures above 300 ◦C. In addition, water splashing always ceases
around the same time as the explosive boiling activity observed in the borescope
recordings ceases. It therefore stands to reason to conclude that the water
splashing observed in the side view recordings of sandblasted surfaces is related
to the explosive boiling regime.

Explosive boiling activity has been linked to the generation of strong pres-
sure waves in micro-heaters [54] and droplets [10], as well as in large scale

a. Impingement b. Impingement + 5 ms c. Impingement + 20 ms

d. Impingement + 25 ms e. Impingement + 30 ms f. Impingement + 35 ms

g. Impingement + 40 ms h. Impingement + 45 ms i. Impingement + 450 ms

Figure 5.2: Snapshots from side view recordings during quenching of a sandblasted
plate; initial plate temperature of 650 ◦C and water jet at 25 ◦C. Devel-
opment of a stable water flow during film boiling and rewetting.
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during contact of water and hot melts [43]. The pressure waves are a result
of the violent phase transition and vapor expansion and, in the particular case
of droplets, are reported to result in deformation of the droplet surface and
ejection of a fine liquid mist [10].

The violent water splashing observed during quenching of sandblasted sur-
faces could be a result of strong pressure waves occurring during the cyclic ex-
plosive activity described in Chapter 4. The pressure waves might be sufficiently
strong to disrupt the water film that develops along the test plate, similar than
reported in the case of small droplets, but not strong enough to disrupt the
water jet right above the stagnation zone. As a consequence, water splashing
is only observed after the development of a water film along sandblasted sur-
faces and not during explosive boiling activity in the stagnation zone, such as in
the case of smooth surfaces and the early stages of quenching in a sandblasted
surface.

5.4 (Nearly) saturated water jet

In this section, the side view recordings obtained during quenching when using
a water jet at 97 ◦C are analyzed. The complete video is attached as supple-
mentary material (Appendix A, Movie 11). Similar flow patterns were observed
on smooth and sandblasted surfaces, and therefore only one surface finish is
presented in this section. Note, however, that changes in water subcooling or
surface finish are expected to affect the surface heat flux and surface tempera-
ture estimations. These effects are analyzed in Chapter 6.

Figure 5.3 shows the representative snapshots of the experiment using a
nearly saturated water jet and a smooth test plate at 540 ◦C initial tempera-
ture. Under these conditions, a stable film boiling regime is obtained for a long
period of time, lasting around 20 seconds. In order to capture detailed infor-
mation regarding the vapor film collapse and rewetting, the camera recording
was manually triggered when the boiling noise characteristic to rewetting was
heard. The resulting recording consists of the 3.5 seconds before and after the
trigger is launched, capturing the complete vapor film collapse and rewetting.

Initially, the recording shows a flat and smooth water surface corresponding
to the film boiling regime (Figure 5.3a). This regime corresponds to a noiseless
situation and is stable during the first 2 recorded seconds. At some point around
500 ms before triggering, the water surface becomes elevated and oscillates
vigorously (Figure 5.3b). The surface looks brighter, which could be due to
an increase of vapor generation or to the surface oscillations. This behavior
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corresponds to the instability of the vapor layer.
Just 130 ms after the instability of the vapor layer (Figure 5.3c), the record-

ing shows a bright and smooth area below the jet and a slight deflection of
the water in the extremes. The bright area represents the rewetted area where
strong bubble generation takes place. The vigorous boiling in the wetting front
causes slight deflection of the water and formation of water jets and droplets.

a. Trigger -3500 ms b. Trigger -500 ms c. Trigger -370 ms

d. Trigger -270 ms e. Trigger +100 ms f. Trigger +500 ms

g. Trigger +1500 ms h. Trigger +2500 ms i. Trigger +3500 ms

Figure 5.3: Snapshots from side view recordings during smooth plate quenching; initial
plate temperature of 540 ◦C and water jet at 97 ◦C. Collapse of the stable film
boiling regime. Similar results were obtained when quenching a saturated
plate at equal conditions.
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Figure 5.3d shows the progression of rewetting 100 ms later, when the water
deflection has increased and the dry plate and wetting front are visible below
the deflected water. As time passes, the wetting front moves forward (Figure
5.3e, Figure 5.3f and Figure 5.3g). In certain snapshots, we can observe small
water droplets sliding over the dry surface, indicating that the surface tempera-
ture is still above the Leidenfrost temperature.

At some point, the central wet area is not bright anymore (Figure 5.3g),
indicating lower boiling activity (lower vapor generation). When the boiling
activity in the wetting front is still vigorous, the edges of the wet area are still
bright. In Figure 3h, only the plate corners are dry and most of the plate shows
low or no boiling activity. In Figure 5.3i, the complete surface is wet and the
water surface is again smooth and stable. We can also observe that the water
flows from the edge of the plate, in contrast to water sliding outwards during
film boiling (Figure 5.3a). Since we can only observe the water surface, it is
unfortunately not possible to differentiate between transition and nucleation
boiling, or between low and no boiling activity (single phase convection).
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Figure 5.4: Surface temperature estimations in the stagnation zone when using a satu-
rated and subcooled water jet.

Figure 5.4 shows the temperature surface estimation during quenching of
a smooth surface using a saturated and a subcooled water jet. When using a
subcooled water jet, rewetting occurs immediately (Figures 5.2 and 5.1) and
at tempeartures far exceeding the Thermodynamic Limit of Superheat (TLS) of
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water, leading to an immediate sharp temperature drop. When using a saturated
water jet, a gentle cooling occurs during the film boiling regime, followed by a
sharp temperature decrease corresponding to the camera trigger and rewetting
moment. The temperature estimations indicate that after the film boiling period
promoted by the use of saturated water jets, rewetting occurs at surface temper-
atures close to the TLS of water. The presence of film boiling was observed both
on smooth and sandblasted surfaces at initial temperatures above 450 ◦C, last-
ing longer at higher initial temperatures. A detailed analysis of the temperature
and heat flux estimations, as well as the effect of initial temperature, surface
finish and water subcooling, is presented in Chapter 6.

The differences between subcooled and saturated water jet quenching are
remarkable. The observations indicate that when using a saturated water jet at
elevated surface temperature, rewetting is not immediate. If a saturated water
jet is used, rewetting cannot be easily reached and long periods of film boiling
occur. This is in line with the hypothesis presented in Chapter 4: rewetting at
elevated surface temperature is maintained by the presence of subcooled water.

5.5 Conclusions

The analysis of side view recordings during quenching has resulted in the fol-
lowing conclusions:

• On smooth surfaces, the side view recordings show the development and
movement of a wetting front. Later, a stable thin film of water develops in
the test plate.

• On sandblasted surfaces quenched by subcooled water jets, strong water
splashing has been observed. This water splashing occurs only after a wa-
ter film develops in the test plate surface, and coincides in occurrence and
duration with observations of explosive boiling activity in the complete
stagnation zone.

• A possible cause of the observed water splashing is the disruption of the
water film spreading along the test plate due to strong pressure waves
generated during the explosive boiling activity.

• When using saturated water jets to quench test plates at elevated initial
temperature, both surface finishes result in long periods of stable film
boiling and rewetting only occurs at surface temperatures around the TLS
of water.



Chapter 6
Heat transfer during
quenching. Stationary surfaces.

This Chapter has been published in the International Journal of Heat and Mass
Transfer by Gomez C.F., van der Geld C.W.M., Kuerten J.G.M., Liew R., Bsibsi
M. and van Esch B.P.M (https://doi.org/10.1016/j.ijheatmasstransfer.
2020.120578).

6.1 Introduction

Quench cooling by water jet impingement is a widely used technique for ac-
celerated cooling in a range of applications, from metallurgy to nuclear reactor
safety. In the particular case of steel production, quench cooling occurs between
the hot rolling and coiling stages, on the so-called Run Out Table (ROT). The
final steel microstructure and mechanical properties depend on the temperature
history on the ROT during quenching. For that reason, stable, predictable and
controlled heat transfer is crucial for successful operation in the ROT.

The steel strips enter the ROT at approximately 1200 ◦C and the final target
temperature varies between 750 and 180 ◦C, depending on the steel grade. Dif-
ferent target temperatures lead to important changes in the boiling regimes and
heat transfer mechanisms on the ROT. In the case of steel grades that require
high target temperatures, stable film boiling is the main quenching mechanism
on the ROT. Stable film boiling provides a surface heat flux that is nearly con-

https://doi.org/10.1016/j.ijheatmasstransfer.2020.120578
https://doi.org/10.1016/j.ijheatmasstransfer.2020.120578
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stant and slightly decreasing with decreasing surface temperature. As a result,
small surface temperature variations along the steel strip do not lead to sharp
heat flux changes, the surface temperature variations are homogenized by in-
ternal conduction and the process remains quite stable and controllable. Steel
grades that require further cooling on the ROT might reach the rewetting tem-
perature: the vapor film formed during film boiling is broken, water-surface
contact occurs and the heat flux increases drastically. Rewetting leads to a
sharp increase in heat flux with decreasing surface temperature, meaning that
small temperature variations along the steel strip are exacerbated [11]. Uneven
surface rewetting leads to uneven cooling and therefore poor product quality,
non-reproducible processing, and deformation of the steel strips. In order to
widen the operation window for stable performance of the ROT much effort is
spent on the development of new cooling technologies [11,42,45]. However, a
complete upgrade of the ROT cooling system is a costly and lengthy project.

Experimental studies on the surface heat fluxes during quenching of sta-
tionary surfaces by water jet impingement in laboratory scale have been widely
reported in the literature [35, 38, 62]. In most cases, immediate rewetting or
shorts periods of film boiling in the order of milliseconds are reported, but lim-
ited cases report long periods of film boiling. Mozumder et al. [47] report film
boiling periods in the order of 10 to 40 seconds in their study on the delay of
the wetting front propagation. Xu et al. [66] reported the effect of water jet
temperature, water flow, and steel grade on the heat transfer during quenching
by water jet impingement. Long periods of film boiling in the order of 10 to 30
seconds were observed at water jet temperatures above 60 ◦C.

Studying the dynamics of quenching of stationary plates by film boiling and
the parameters affecting the stability of the film boiling regime could provide
insight on possible approaches to widen the stable operation window of the
ROT. Ideally, a more stable operation of the ROT could be achieved by slight
changes of process variables such as water jet temperature, without the high
costs involved in a renovation of the industrial installations. In this Chapter,
the use of a saturated water jet leads to long periods of stable film boiling,
which allow to study of the dynamics of the vapor layer collapse using high-
speed recordings. Surface temperature and heat flux histories are presented at
different locations with respect to the water jet. The boiling curves indicate an
increase in vapor layer thickness with increasing distance to the water jet. The
initial surface temperature, water jet temperature, and surface finish are varied.
The focus is on the effect of these process parameters on the development of
the film boiling regime, the heat flux during film boiling, and on the rewetting
temperature with the aim to increase our understanding of physical phenomena
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affecting quench cooling and possibly to widen the stable operation window of
the ROT.

6.1.1 Definitions

Some of the concepts used in this study have received multiple names in litera-
ture, which might lead to confusion. The definitions followed in this manuscript
are listed below.

1. Impingement: Instant when the tip of the water jet reaches the test plate
surface.

2. Stagnation zone: Area of the test plate directly underneath the water jet
nozzle.

3. Rewetting: Establishment of water-surface contact.

4. Thermodynamic Limit of Superheat (TLS): Highest temperature that pure
liquid water can sustain in a superheated metastable state at atmospheric
pressure.

6.2 Experimental Method

A schematic representation of the setup used to perform the quenching exper-
iments is shown in Figure 6.1. The main component is a demineralized water
tank (A), which can be heated by an electrical heater (B) and pressurized by
compressed air injection. The water level is measured by three load cells (C) in-
stalled at 120 degrees from each other around the tank. A circular nozzle (D) is
screwed to the tank base. The nozzle diameter is 9 mm and its exit is located at
3.6 cm from the plate surface, leading to a jet speed of 3.1 m/s when using a full
tank. The water jet impingement onto the preheated steel plate (E) can be re-
corded by using a high-speed camera (F). The high-speed camera is model SA3
by Photron and records a side view of the jet and test plate during quenching at
1000 fps. An LED ring (G) provides the necessary illumination. The recordings,
data logging, and opening of the valve are triggered using LabVIEW (H).

The test plates are made of Stainless Steel AISI 304 with dimensions 50×50×10
mm. The effect of surface topology is studied by quenching two different surface
finishes: mirror-like smooth and sandblasted. Sandblasted surfaces are chosen
because their topology is similar to oxidized surfaces present on the Run Out Ta-
ble, but with higher control and reproducibility during the sample preparation.
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The roughness is analyzed by confocal optical profilometry at ×5 magnification
(Sensofar Plµ) before and after quenching, to ensure that the surface is not
damaged during the preheating or quenching. Mirror-like surfaces are achieved
by sandpaper polishing and subsequently cloth polishing with a 3 µm diamond
particle spray, resulting in an average roughness of 300 nm. The sandblasted
surfaces are prepared using a sandblasting machine. The resulting surface has
an average roughness of 5 µm with peaks at a maximum height of 17 µm.

Prior to the experiment, the test plate is heated to the desired initial tem-
perature using an electric oven. During quenching, the internal temperature of
the test plate is recorded by three grounded K-type thermocouples installed as
shown in Figure 6.2. Each thermocouple, with diameter 1 mm, is inserted in
a 1.1 mm diameter hole that is drilled from the bottom side of the plate. The
hole is drilled in such a way that the tip of the thermocouple is located at 1
mm from the top surface of the plate. Before the insertion of the thermocouple,

Figure 6.1: Schematic representation of the experimental setup. A: Water tank. B: Water
heater. C: Load cells (water flow measurement by tank weight change). D:
Pneumatic valve and jet nozzle. E: Test plate. F: High speed camera. G:
LEDs illumination ring. H: Electrical box and PC for triggering and data
acquisition.
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the holes are cleaned, dried, and filled with conductive silver paste to minimize
thermal resistance. After insertion, the thermocouples are clamped by slightly
deforming the bottom side of the hole.

The surface heat flux and surface temperature during quenching are esti-
mated by solving the Inverse Heat Conduction Problem (IHCP) with INTEMP
[6,7]. The IHCP consists on an optimization of the surface heat flux (unknown
boundary condition) minimizing the difference between a calculated internal
temperature profile and the internal temperature measurements obtained ex-
perimentally. The water jet impinges on the center of the test plate and therefore
the assumption is made that there is no heat transfer in the azimuthal direction.
As a result, a 2D internal heat conduction problem is considered, in radial, r, and
vertical, z, directions, as reported by Leocadio et al. [38] and Lee et al. [37]. In

Figure 6.2: Test plate dimensions and thermocouples location.
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the IHCP, three zones with a uniform heat flux each are defined, as illustrated
in Figure 6.3. The three zones give an approximate representation of the flux
distribution over the jet stagnation zone, acceleration zone, and parallel flow
zone, respectively. The surface temperature of each zone in this document is
defined to be the local surface temperature at the location directly above each
thermocouple, although in the IHCP the surface temperature is solved in 51
nodal points in radial direction. This “zone temperature” definition is used to
represent surface temperature histories and boiling curves in each zone.

INTEMP solves the IHCP using the Tikhonov regularization to control the
smoothness of the heat flux estimations. The Tikhonov regularization consists
of the penalization of high-frequency components in the surface heat flux esti-
mations by implementing a smoothing parameter. The value of this parameter is
crucial to penalize high-frequency components arising from experimental data
noise without compromising the accuracy of the heat flux estimations. In this
case, the optimum value was found to be equal to 4 ·10−11 [7].

As has been pointed out by Tenzer et al. [59], the estimations resulting from
solving the IHCP in the initial stages of quenching are highly affected by the
quality of the thermal contact between the test plate and the thermocouple
joint. Even if high conductivity paste is used to improve thermal contact, an
added heat transfer resistance is to be expected between the test plate and ther-
mocouple. Given that the exact heat transfer resistance is unknown, the contact
is assumed to be perfect in the IHCP, i.e. no additional thermal resistance in
the vicinity of the thermocouple is assumed. However, our previous research
(Chapter 3) showed that the effect of this thermal resistance on the predicted

Figure 6.3: Internal conduction problem solved by INTEMP.
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heat flux in the initial stages of the experiment cannot be ignored. It is for
this reason that the surface temperature and heat flux estimations correspond-
ing to the first 0.5-1 seconds of the experiment are plotted with dotted lines to
distinguish reliable from non-reliable data in the analysis.

6.2.1 Uncertainty analysis

The thermocouple location in the radial and angular directions has an error of
±0.05 mm. The depth of the thermocouple tip from the top surface of the plate
has an uncertainty of ±0.05 mm. Regarding temperature measurements, the
K-type thermocouples provide a calibration accuracy of 1.1 ◦C or 0.4% of the
absolute temperature in degrees Celsius, whichever is greater. In the tempera-
ture range of the plate (internal thermocouples), this leads to a maximum error
equal to ± 2.2 ◦C. In the temperature range of the water jet, this leads to an
error equal to 1.1 ◦C. The data acquisition system produces an error of ± 3 ◦C in
the temperature data and ± 0.01 s in the time logging. Based on these measur-
ing inaccuracies and uncertainties in the thermocouple location, the maximum
estimated error in the surface heat flux according to INTEMP calculations is ±
5%.

A repeatability analysis was performed using a set of 17 experiments at iden-
tical conditions, using different test plates and different days of experimenta-
tion. The rewetting temperature varied in a range of ± 40 ◦C and the maximum
heat flux varies in a range of ± 0.25 MW /m2. The film boiling heat flux varies
in a range of ± 0.05 MW /m2. Our analysis of the data set and experimental
setup showed that this variation is mainly due to slight differences in the plate
positioning before impingement. The authors consider these values satisfactory.

6.3 Temperature history during quenching by a sat-
urated water jet

This section describes the surface temperature and heat flux estimations during
the quenching of a smooth, steel test plate at 540 ◦C by a water jet at 97 ◦C.
Figure 6.4 shows three surface temperature histories in the three zones, as esti-
mated by INTEMP. A video corresponding to such an experiment is attached as
supplementary material (Appendix A, Movie 10). During the first 40 seconds,
the estimated surface temperature show a moderate temperature decrease at a
quite constant rate. During this period, the quenching process is noiseless, with-
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out much vapor generation and no water splashing. The water-air interface is
smooth and shiny, as shown in Figure 6.4a.

Approximately 40 seconds after jet impingement, a strong boiling sound is
heard, a dark patch appears on the plate surface below the jet and vigorous
water splashing occurs on the edge of the dark patch (Figure 6.4b). It is at this
very time that a sudden temperature drop is estimated in zone 1. A few seconds
later, a similar temperature drop occurs in zone 2 and a few seconds later again
in zone 3. At the same time as these temperature drops occur, the dark patch
grows outwards, and the water splashing and sound intensity decrease. The
observation of a dark patch, its outward movement, water splashing, and boil-
ing sound are in agreement with observations of surface rewetting after a first

Figure 6.4: Surface temperature history when quenching a smooth test plate at 540 ◦C
using a water jet at 97 ◦C. Digital camera images illustrating the different
stages of quenching. The zones are as defined in Figure 6.3. The capital
letters indicate times in the top figure.
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period of film boiling [33, 34, 38, 47]. Heat transfer with boiling exceeds that
of the film boiling regime in the earlier stage and causes a sudden temperature
drop. A more detailed analysis of the heat flux histories will be given below.

Approximately 45 seconds after the jet impingement, the dark patch has
grown to cover the whole plate surface and the boiling sound and splashing
disappear (Figure 6.4c). At this point, the temperature decrease gets moderate
again. After 80 seconds, the surface temperature estimations are equal to the
water jet temperature.

A high-speed camera was used to capture detailed information regarding the
rewetting phenomenon. The camera recording was manually triggered when
the boiling noise characteristic for rewetting was heard. The resulting record-
ing consists of the 3.5 seconds before and after the trigger is launched, capturing
the complete rewetting process. Figure 6.5 shows representative snapshots of
the resulting high-speed recordings. The complete video is attached as supple-
mentary material (Appendix A, Movie 11).

Initially, the recording shows a flat and smooth water surface (Figure 6.5a)
corresponding to the noiseless situation also shown in Figure 6.4a. This situ-
ation corresponds to the film boiling regime. Figures 6.4a and 6.5a show that
the water film remains flat even beyond the edges of the plate, indicating that
the water levitates on top of a vapor layer and slides in this way over the plate.
At some point around 500 ms before the boiling sound was heard, the water
surface rises and starts oscillating vigorously (Figure 6.5b). The surface looks
brighter, which could be caused by an increase of vapor generation or by sur-
face oscillations. This behavior clearly corresponds to the instability of the vapor
layer.

Just 130 ms after the instability of the vapor layer (Figure 6.5c), a bright
and smooth area occurs below the jet and at the same time a slight deflection of
the water surface. The bright area below the jet corresponds to rewetting where
strong bubble generation takes place. The vigorous boiling at the edge of the
wetted area (wetting front) causes a slight deflection of the water surface and
triggers the formation of water jets and droplets.

Figure 6.5d shows the rewetting front 100 ms after its initiation. At this
point in time, the water level is deflected more strongly than before. As time
marches on, the wetting front moves forward, and the plate surface and wetting
front become visible below the deflected water surface (Figures 6.5e, 6.5f, and
6.5g). As usual, the movie itself is far clearer than these snapshots. For this
reason, the movie is provided as additional material to this manuscript. One
of the particularly interesting phenomena that are really clear in the movie is
the occurrence of water droplets sliding over the plate surface. These drops are
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observable as tiny but bright dots that move rapidly. The obvious explanation
is that these are Leidenfrost droplets floating on a vapor cushion. The occur-
rence of these drops indicates that the plate surface temperature is above the
Leidenfrost temperature.

The water deflection in the wetting front breaks the vapor film and as a
consequence the plate surface far from the stagnation zone is in contact with

a. Trigger -3500 ms b. Trigger -500 ms c. Trigger -370 ms

d. Trigger -270 ms e. Trigger +100 ms f. Trigger +500 ms

g. Trigger +1500 ms h. Trigger +2500 ms i. Trigger +3500 ms

Figure 6.5: Snapshots from side view recordings during smooth plate quenching; initial
plate temperature of 540 ◦C and water jet at 97 ◦C. Collapse of the stable
film boiling regime. A comparable dynamic was observed during rewetting
of a sandblasted plate at equal conditions.
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air while the wetted region grows. This is most clearly seen in Figures 6.5d,
6.5e, and 6.5f at the downstream side of the contact line with splashing. At
some point, the central wet area is not bright anymore (Figure 6.5g), which
corresponds to reduced boiling activity and reduced vapor generation. In Figure
6.5h, deflection if the water surface is only visible near the corners of the plate.
In Figure 6.5i, the complete surface is wet and the water surface is again smooth
and stable. In Figure 6.5i, the dark water surface indicates low or even no
boiling activity. In Figures 6.5h and 6.5i, the water can be seen falling off from
the edges of the plate.

6.3.1 Reheating of the surface in contact with air

It is interesting to note that a slight increase in surface temperature is observed
in zone 3 right before the sudden temperature drop (Figure 6.4). It is exactly at
this time that the high-speed recordings show that vapor film is broken by the
water deflection in the the plate surface far from the stagnation zone (Figures
6.5d, 6.5e, and 6.5f) during a period of time comparable to the duration of the
surface temperature rise. The obvious explanation is that the surface heat flux
by convection with air is significantly lower than the heat flux by film boiling.
When the vapor layer is broken, the internal conduction of heat in the plate ex-
ceeds the cooling by convection with air at the plate surface and causes a small
temperature increase. A similar rise in plate temperature during convection
with air has been found during quenching of a moving plate (Chapter 7).

6.3.2 Interpretation and vapor layer collapse

The high-speed recordings of Figure 6.5 corroborate the importance of the film
boiling regime as deduced from Figure 6.4. The initial period in Figure 6.4a
corresponds to the stable film boiling regime. The combination of a high jet
temperature and an elevated plate surface temperature leads to an evapora-
tion rate high enough to maintain a stable vapor layer. The smoothness of the
liquid-air interface indicates that contact between water and the steel surface
does not occur. Instead of conduction or boiling, heat is transferred by radia-
tion, convection, and by conduction through the vapor layer. At the point in
time when the surface temperature gets too low to maintain a stable vapor film,
water-solid contact or rewetting occurs. In the present conditions, rewetting in
the jet stagnation zone occurs at about 300 ◦C, corresponding to the Thermo-
dynamic Limit of Superheat of water (302 ◦C, [1]). Inside the wet region, the



90 Heat transfer during quenching. Stationary surfaces.

boiling activity leads to a sudden temperature drop, allowing the wetting front
to move forward. Quite remarkably, Figure 6.4 shows that the rewetting tem-
perature increases significantly with increasing distance to the jet stagnation
zone. An explanation might be that water-surface contact is hydrodynamically
enforced at these places by the moving wetting front, but direct evidence for
this interpretation is not available.

6.4 Radial heat flux and vapor height variation dur-
ing quenching by saturated water jet

Figure 6.6 shows the heat flux history of the three zones (left) as well as the
boiling curves (right). During the first 40 seconds and at surface temperatures
above approximately 300 ◦C, a nearly constant moderate heat flux is estimated,
corresponding to the stable film boiling regime. The heat flux during this regime
decreases as the distance to the jet stagnation zone increases. This effect cannot
be attributed to the increase in water temperature as the water flows outwards,
given the fact that the water jet is already close to the saturation temperature,
in the center of the jet. The decrease in heat flux is in this case therefore indi-
rect evidence of an increase of the vapor layer thickness with increasing radial
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Figure 6.6: Heat flux history (left) and boiling curve (right) when quenching a smooth
test plate at 540 ◦C using a water jet at 97 ◦C. Dotted lines are used in the
initial stages of the experiment where low accuracy in the IHCP solution is
expected.
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distance. This is an important finding that may be helpful in the validation of
numerical models of quench cooling.

Approximately 40 seconds after jet impingement a sharp peak in heat flux
is estimated, corresponding to the rewetting of the stagnation zone. As the
wetting front moves outwards, a heat flux peak is found to occur in zone 2.
The heat flux in zone 3 first decreases to values close to zero as the water is
deflected, the vapor film breaks and the edges of the plate enter in contact with
ambient air. A couple of seconds later, the wetting front reaches zone 3 and
a heat flux peak is recorded there. The heat flux continues to decrease in all
locations to finally become zero.

The boiling curves of Figure 6.6b shows that the film boiling heat flux is
nearly constant in a wide range of surface temperatures. If this is translated
to the ROT operation in the way explained in the Introduction, surface tem-
peratures in the steel strip are homogenized by internal conduction during a
stable cooling process over the entire range from 400 to 550 ◦C. However, if
the temperature in a certain area of the steel surface drops below 300 – 350
◦C, rewetting occurs, the surface heat flux increases, the surface temperature
decreases sharply, a wetting front develops and non homogeneous mechanical
properties can be expected throughout the steel strip. From a process design
point of view, these results confirm that ROT operation in the stable film boiling
regime leads to maximum process stability and homogeneous steel cooling.

6.5 Effect of initial plate temperature in the film
boiling regime

Figure 6.7 shows the boiling curve in the 3 different plate zones when quenching
plates at different initial temperatures with a water jet at 97 ◦C. A strong effect
is observed both in the surface heat flux values and in the boiling curve shape.

When the initial temperature is 500 ◦C or higher, a long period of film boiling
is observed as described in the previous sections. When film boiling is observed,
the boiling curve is independent of initial surface temperature.

At an initial temperature of 350 and 400 ◦C, immediate rewetting is ob-
served in the jet stagnation zone. Further from the jet location, a short period
of film boiling is recorded. This indicates the development of a thin and unsta-
ble vapor film that is rapidly broken by the water jet pressure, that generates
the outwards motion of the wetting front. At the initial temperature of 350
◦C, the premature vapor film is only observed in Zone 3 (see subplot in Figure



92 Heat transfer during quenching. Stationary surfaces.

6.7, zone 3). At the initial temperature of 400 ◦C, the vapor film is observed
in Zones 2 and 3. This indicates that the vapor film stability increases with in-
creasing initial surface temperature, as expected from the higher vaporization
rate at higher wall superheat at the moment of impingement.

At an initial temperature of 250 ◦C, a sharp increase in heat flux is observed
in all three zones directly after impingement. The heat flux reaches a maximum
value and decreases gently to zero when the surface temperature reaches the
water temperature (97 ◦C). This behavior indicates immediate rewetting and

Figure 6.7: Effect of initial surface temperature on the boiling curve. Quenching by
(nearly) saturated water jet. Zone 1 (top left), Zone 2 (top right) and Zone
3 (bottom left). Dotted lines are used in the initial stages of the experiment
where low accuracy in the IHCP solution is expected.
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agrees with observations reported during quenching by subcooled jet impinge-
ment. Based on these observations, we could state that 3 different cases can be
distinguished based on initial temperature:

• If the initial temperature is significantly above the rewetting temperature
(in this case 500 ◦C or more), the subsequent vaporization rate is high
enough to maintain a stable vapor film below the jet. The plate tem-
perature drops by stable film boiling until the vapor film collapses. The
temperature at which the vapor film collapses, also called rewetting tem-
perature, is close to the Thermodynamic Limit of Superheat of water (302
◦C, [1]).

• If the initial temperature is slightly above the rewetting temperature or
TLS of water, a premature vapor film is formed and is quickly broken
by the jet pressure. The vapor film breakage occurs in the stagnation
zone forcing rewetting to occur at temperatures above the stable rewetting
temperature. After rewetting occurs in the stagnation zone, the motion of
a wetting front breaks the premature vapor film formed in zones further
from the jet.

• If the initial temperature is lower than the rewetting temperature or TLS
of water, immediate stable rewetting occurs, as reported in the case of
subcooled water jet impingement [38,62].

In terms of the ROT, these results are in line with the conclusions presented
in the previous section. If the steel strip surface approaching to a jet bank is at
temperatures above 500 ◦C, the surface heat flux is stable and predictable. In
locations further along the ROT and once the steel strip surface has decreased to
values around or below 400 ◦C, a sudden increase on heat flux is to be expected
when compared to previous jet banks that might lead to process instabilities.

6.6 The importance of surface finish for the film
boiling regime

Figure 6.8 shows the resulting temperature histories (left) and boiling curves
(right) when quenching a plate with a smooth or a sandblasted surface fin-
ish with a water jet at 97 ◦C. The surface heat flux and temperature history
are independent of surface finish during the first 10 seconds of the film boil-
ing regime. After 10 seconds, the temperature history in the stagnation zone
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shows slightly faster cooling for the sandblasted surface than for the smooth
surface. Consequently, the surface heat flux is higher for the sandblasted case.
The slightly faster cooling in the stagnation zone on the sandblasted surface
results in earlier rewetting in all zones and higher rewetting temperatures than
in the smooth case. These results are in agreement with the direct stagnation
zone visualization results that showed that surface defects such as scratches or
sandblasting result in earlier rewetting at higher surface temperatures [17,40].

After rewetting, the surface heat flux during what is usually considered the
transition and nucleate boiling regimes are significantly higher for the sand-
blasted surface than for the smooth case. This is explained by the higher density
of nucleation sites provided by the surface defects and cavities created during
the sandblasting process. The effect of surface roughness presented here is con-
sistent with literature studies in pool boiling [31] that also report higher rewet-
ting temperature, shorter duration of the film boiling regime, and higher heat
flux after rewetting in the case of sandblasted and rough surfaces compared to
a smooth finish.

In terms of operation of the Run Out Table, these results indicate that even if
the steel strip surface temperature is homogeneous, oxide patches or defects on
the surface might induce localized rewetting and subsequent higher heat fluxes.
As a consequence the cooling is non homogeneous, compromising mechanical
properties and quality standards.
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Figure 6.8: Effect of surface finish on the boiling curve. Smooth vs. sandblasted surface
finish. Initial plate temperature 520 ◦C and water jet at 97 ◦C.
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6.7 The film boiling regime at other water jet tem-
peratures

The effect of different water jet temperature on the boiling curves is presented
in Figure 6.9. An overall decrease in surface heat flux is observed at increasing
water jet temperature as a consequence of the decreased ability of water to con-
dense bubbles and the decrease in the driving temperature difference between
fluid and surface. The shape of the boiling curves is also affected by the water
jet temperature, leading to three distinct cases:

Figure 6.9: Effect of water temperature on the boiling curve. Quenching a smooth sur-
face at an initial temperature of 550 ◦C. Zone 1 (top left), Zone 2 (top right)
and Zone 3 (bottom left). Dotted lines are used in the initial stages of the
experiment where low accuracy in the IHCP solution is expected.
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• When using a water jet at temperatures above 90 ◦C, stable film boiling is
observed for long periods of time in all three zones as in Section 6.4.

• At water jet temperatures of 80 and 85 ◦C, an immediate increase in heat
flux is observed in the jet stagnation zone. Signs of film boiling appear in
zones 2 and are rapidly suppressed. It is safe to assume that lower water
temperature leads to a lower vaporization rate upon impingement. As
the water temperature decreases, the vapor film thickness decreases and
rapidly breaks due to the jet force.

• When using low water temperature (25-55 ◦C) an immediate increase in
heat flux is observed in all three zones, in agreement with experimental
studies on quenching by a subcooled water jet [38, 62]. The low water
temperature facilitates the wetting front motion due to its high ability
to condense bubbles, and rewetting of the complete plate surface occurs
almost immediately. Based on studies including direct visualization of
the stagnation zone [17, 40], a short film boiling period in the order of
milliseconds is to be expected. However, this short period of film boiling
occurs in the initial stages of quenching and is not accurately estimated
by the IHCP solution.

When film boiling is sustained, a higher film boiling heat flux is observed
at lower water temperature due to the lower vapor film thickness at lower va-
porization rates. Given the lower vapor thickness, the vapor layer collapses
at higher surface temperatures, resulting in the observed increase in rewetting
temperature. In the context of the operation of the Run Out Table, these results
indicate that an increase in the water jet temperature might by an efficient ap-
proach to extend the range of surface temperatures in which the film boiling
regime occurs. In this case, a water temperature increase of only 7 ◦C leads to
a decrease of the rewetting temperature from approximately 339 ◦C to 295 ◦C,
extending the surface temperature range in which the ROT operation is stable
by almost 45 ◦C.

6.8 Conclusions

The film boiling regime provides a uniform heat flux over a wide range of sur-
face temperatures that is preferred for stable operation of the Run Out Table.
This experimental study focused on the effect of initial surface temperature,
water jet temperature, and surface roughness on the development of the film
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boiling regime when quenching by saturated water jet impingement. The fol-
lowing conclusions are drawn:

• Long periods of stable film boiling were observed when quenching sur-
faces at initial temperatures above 500 ◦C with a water jet above 90 ◦C.
During film boiling, a nearly constant surface heat flux is estimated. After
long periods of film boiling, the vapor film collapses in the stagnation zone
at temperatures comparable to the Thermodynamic Limit of Superheat of
water, leading to rewetting.

• The heat flux estimations during the film boiling regime indicate an in-
crease in vapor layer thickness with increasing radial distance to the water
jet.

• Quenching of sandblasted surfaces shows an increased rewetting temper-
ature when compared to smooth surfaces. This indicates that defects in
the steel strip might promote localized rewetting and result in inhomoge-
neous cooling on the ROT.

• An increase in water jet temperature leads to a decrease in film boiling
heat flux and a decrease in the rewetting temperature. As a consequence,
the operation window for optimum performance of the ROT widens.





Chapter 7
Heat transfer during
quenching. Moving surfaces.

This Chapter has been published in the International Journal of Heat and Mass
Transfer by Gomez C.F., van der Geld C.W.M., Kuerten J.G.M., Bsibsi M. and van
Esch B.P.M.(https://doi.org/10.1016/j.ijheatmasstransfer.2020.120545).
Preliminary results were shared in the 7th International Conference on Heat
Transfer and Fluid Flow 2020, in short paper and oral presentation format.

7.1 Introduction

Quench cooling by water jet impingement is a fast cooling technique widely
used in industry. In steel production, quenching occurs on the Run Out Table
(ROT), where hundreds of meters long red hot steel slabs move at high speed
under multiple water jets. Water jet impingement results in various transient
boiling regimes and promotes high heat fluxes at the steel surface. The cooling
profile in the ROT determines the steel microstructure and consequently its me-
chanical properties, making the ROT one of the most critical steps in the steel
production process. Thorough understanding of the boiling regimes and accu-
rate heat transfer estimations are crucial to achieve a robust control system and
reliable operation of the ROT. However, the high speeds of the steel slabs and
the violent nature and short time scale involved in various boiling regimes make
quenching a challenging research field.

https://doi.org/10.1016/j.ijheatmasstransfer.2020.120545


100 Heat transfer during quenching. Moving surfaces.

Over the years, a wide range of experimental research has been carried
out in the field of quenching. Generally, these studies used stationary sur-
faces [35, 62, 65]. Research on stationary surfaces is an effective way to sim-
plify the phenomena occurring on the ROT and to obtain a fundamental under-
standing of the transient interfacial flow patterns that take place during quench-
ing [17, 28, 39, 40]. Leocadio et al. used a borescope aligned to the water jet
stagnation zone, providing for the first time direct visualization of the rewet-
ting phenomenon and boiling activity in the jet stagnation zone [39, 40]. At
sufficiently high initial surface temperature, film boiling was observed. Surface
asperities were found to penetrate the vapor layer and promote rewetting, lead-
ing to contact patches that act as micro-fins and promote rapid cooling of the
surface and movement of a wetting front. The possibility of rewetting occurring
at surface temperatures above the Thermodynamic Limit of Superheat (TLS)
of water was an open question in the field for years [28, 65]. Using the same
borescope technique developed by Leocadio et al., Gomez et al. [17] observed
for the first time intermittent boiling activity during rewetting at surface tem-
peratures above the TLS of water. The intermittent boiling activity occurs at
frequencies up to 40 kHz and was linked to the mechanism by which rewet-
ting is maintained at elevated surface temperature and was defined as a new
boiling regime called cyclic explosive boiling. The cyclic explosive boiling ac-
tivity consists of consecutive water superheating, vapor explosions and bubble
condensation (Figure 7.1). Depending on the surface topology and tempera-
ture, this boiling regime might occur immediately after impingement or after a
period of film boiling. As the surface temperature decreases, the cyclic explo-
sive boiling activity is followed by more stable forms of bubble generation and
nucleate boiling.

However, the heat transfer estimations resulting from stationary quenching
studies are not directly applicable to the ROT control systems because of the
boundary layer development being different on moving plates. Only when the
effect of the high surface speeds is accounted for, results can be used in real Run
Out Table applications. Two types of experiments can be found among studies
on quenching of moving surfaces: quasi-stationary and transient experiments.
Quasi-stationary experiments aim to represent an infinite isothermal slab mov-
ing underneath one or more water jets, which corresponds to the cooling phe-
nomena in a fixed jet row (or bank) in the ROT. Fujimoto et al. [12, 14, 15]
studied quasi-stationary quenching of surfaces by moving a thin metallic sheet
under one or more water jets at speeds up to 1.5 m/s. A digital camera was
used to analyze the water jet spreading, observe the occurrence of rewetting,
and detect the presence of bubbles on the steel surface. The effects of steel
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temperature, steel velocity, jet velocity, and the arrangement of multiple jets on
heat flux, temperature distribution, and water flow were studied.

Transient quenching experiments aim to represent a moving hot steel sur-
face being repeatedly cooled by water jet impingement to its final coiling tem-
perature. This type of experiment corresponds to a certain section of the steel
slab moving along the ROT while being impinged by multiple water jet banks
sequentially. In literature, two types of transient experimental setups can be
found: flat plates and rotating cylinders. Chen and Tseng [9] studied cooling
by water jet impingement and water sprays of both a rotating drum and a mov-
ing plate at speeds between 0 and 1.4 m/s. Their work studied heat fluxes,

Figure 7.1: Borescope images of the jet stagnation zone showing cyclic explosive boiling
activity, and side view sketches. Modified from [17].
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heat transfer coefficients, and cooling efficiency. At increasing surface speed,
the heat transfer coefficient is reported to be constant at surface temperatures
equal to 240 ◦C and to decrease at surface temperatures equal to 85 ◦C. No-
bari [49] reported transient quench cooling experiments in a pilot scale setup,
by repeatedly moving a test plate under both a single water jet and jet arrays in
different configurations. The pilot scale rig was reported to be capable of reach-
ing speeds up to 3 m/s, but the maximum speed actually used and reported was
1.6 m/s. Increasing surface speed was found to decrease the surface heat flux
in the film boiling and transition boiling regimes. Vakili and Gadala [60] used
a similar type of experimental setup and also reported lower heat transfer rates
at increasing surface speeds for plates with high initial temperatures. They hy-
pothesize a more stable vapor layer formation during the film boiling regime at
higher surface speeds, impeding rewetting and lowering the surface heat flux.
Only two surface speeds were reported: 0.35 and 1 m/s. Jha et al. [30] also per-
formed quenching experiments by repeatedly cooling a moving test plate using
a laboratory scale setup and reported maximum speeds of 0.8 m/s.

Gradeck et al., Mozumder et al. and Jahedi and Moshfegh performed tran-
sient quenching experiments by the use of a rotating cylinder. Gradeck et al.
reported a maximum rotating cylinder surface speed of 1.33 m/s and included
the effect of water subcooling, jet speed, and surface speed on the surface heat
fluxes [18, 20]. Higher surface speeds were reported to lead to an overall de-
crease of surface heat flux, in agreement with the studies using moving plates
stated above. Mozumder et al. used a digital camera to make detailed observa-
tions of the development of the wetting front at different water subcooling and
surface speeds [46]. Their analysis of surface heat fluxes indicates a decrease
in heat flux with increasing surface speeds. Jahedi and Moshfegh studied the
quenching of a rotating cylinder at speeds up to 0.55 m/s with different jet array
configurations [29]. An increase of plate speed was found to reduce the cooling
rate during the film boiling regime, due to a reduced interaction time between
the water jet and the hot surface.

The studies summarized above report surface speeds significantly below ac-
tual ROT operation conditions, where surface speeds range between 2 and 22
m/s. As far as the authors know, surface speeds in the speed range of interest in
the ROT have only been reported in commercial scale ROT experiments [58].
However, these experiments lack the visual information on the water flow and
boiling activity, and were only applied to a limited range of operating con-
ditions. In the present study, we used a new experimental setup that allows
quenching of surfaces at speeds between 0 and 8 m/s by adopting a linear unit.
To the best of the authors’ knowledge, these are the fastest surface speeds ever
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reported in an experimental laboratory study on quenching and for the first time
within the range relevant for ROT applications. Heat transfer estimations are
obtained by solving the Inverse Heat Conduction Problem. Detailed information
regarding boiling regimes is obtained with the aid of high speed cameras in a
dedicated arrangement that allows for both internal, i.e. stagnation zone, and
external visualization during jet impingement. Typical experimental results are
described and analysed. For the first time, we provide direct visualization of the
boiling regimes occurring in the stagnation zone during quenching of a moving
surface. The results show a change in behaviour of the temperature history and
boiling curves that depends on plate velocity. The direct visualization of the
stagnation zone shows that the observed changes in the boiling curves are due
to a suppression of boiling activity at increasing plate speed.

7.1.1 Definitions

Several of the quenching concepts used in this manuscript have received multi-
ple names in literature, which might lead to confusion. The definitions followed
in this manuscript are the following:

1. Impingement: Instant when the tip of the water jet reaches the test plate
surface.

2. Stagnation zone: Area of the test plate directly underneath the water jet
nozzle.

3. Rewetting: Establishment of water-surface contact.

4. Thermodynamic Limit of Superheat (TLS): Highest temperature that pure
liquid water can sustain in a superheated metastable state at atmospheric
pressure. Above this limit, the superheated liquid suffers instantaneous
vaporization, also called explosive boiling.

5. Cyclic explosive boiling regime: Highly unsteady boiling regime that occurs
during rewetting of surfaces at surface temperatures above the TLS of wa-
ter and consisting of repeated vapor explosions and bubble condensation
at high frequencies. More fully described in Gomez et al. [17].

6. Jet-plate contact episode: Period of time during which any section of the
moving test plate is located directly below the jet nozzle.
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7.2 Experimental method

A schematic view of the experimental setup is presented in Figure 7.2. The main
component in the water system is the water tank (A). The tank can be pressur-
ized using compressed air and the water can be heated using an electric heater
(B). In this study, the tank was kept at ambient pressure for all experiments. The
weight of the tank is monitored using load cells (C). The water jet is triggered
by opening a pneumatic valve (D). Different nozzles can be used, enabling both
circular and planar water jets. The planar nozzle slit dimensions are 2x50 mm
and the circular nozzle has a diameter of 9 mm. The planar nozzle slit dimen-
sions are 2x50 mm, with a flow rate of 7.8 L/min, and the circular nozzle has a
diameter of 9 mm, with a flow rate of 8.8 L/min.

The test plate (E) is made of stainless steel AISI 304 with dimensions 5x40x200
mm (Figure 7.3). The plate surface is sandblasted, in order to work with a
surface topology comparable to the oxidized surfaces present in the ROT. The
roughness was analyzed by confocal optical profilometry at x5 magnification
(Sensofar Plµ). The surface was machined in a sandblasting machine, resulting

Figure 7.2: Schematic representation of the experimental setup.
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in a surface with an average roughness of 5 µm with peaks at a maximum height
of 17 µm. The plate temperature is measured during the experiment using two
1 mm diameter grounded K-type thermocouples with a data acquisition rate of
100 Hz. The location of the thermocouples is as illustrated in Figure 7.3. The
thermocouples are placed inside 1.1 mm holes drilled in the bottom surface of
the test plate. Good thermal contact is aimed for by filling the hole with con-
ductive silver paste. The thermocouples are clamped by slightly deforming the
hole in the bottom of the test plate. The holes are drilled in such a way that the
thermocouple tip is located 0.2 mm below the surface of the test plate, in order
to minimize the response time of the thermocouple measurements to changes
in the surface temperature. Prior to the experiment, the test plate is heated to
the desired initial temperature in a custom made electrical oven. The initial
temperature was kept below 600 ◦C in order to minimize damage of the sur-
face by oxidation. The surface roughness measurement was repeated after the
experiments and no significant change in roughness was detected, confirming
that the plate was not damaged by oxidation.

The test plate can be moved by the use of a linear unit (F). The selected
linear unit is wheel-guided and belt-driven, model MRJE65 by Unimotion. The
total length of the linear unit is 3180 mm, with a constant speed stroke of 500
mm at maximum speed. The design allows maximum speeds of 10 m/s in un-
loaded conditions and 8 m/s with a maximum load of 1.5 kg. The test plate
is supported by a ceramic insulating brick inside a metallic basket, which is at-
tached to the linear unit carriage (Figure 7.4, left). The linear unit is controlled

Figure 7.3: Schematic representation of the test plate and location of the thermocouples
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by a servomechanism, and is programmed to move the plate repeatedly from
one extreme of the linear unit to the other at the desired surface speed (Figure
7.4, right). Every time the plate moves below the water jet, some degree of
cooling takes place, which is large compared to the cooling by the ambient air.
The movement is repeated as many times as needed to cool the plate to the
water temperature.

High speed cameras are used to obtain detailed visual information during
quenching. A borescope (G) is installed in a traversing tube in the tank and
aligned with the water jet stagnation zone. The borescope is type R080-028-
090-10 from Olympus, with a working length of 280 mm and focal distance of
80 mm. The borescope is attached to a high speed camera (H1) model SA-X2
by Photron, recording at 81000 fps and resolution 512x272 pixels. A second
high speed camera (H2) model SA3 by Photron records a side view of the jet
and test plate during quenching at 2000 fps and resolution 640x640 pixels. An
LED ring (I) provides the required illumination.

The components of the setup are connected to a control box (J) and data ac-
quisition module NI 9213 (National Instruments). The experiment is triggered
from a computer (K) using LabView. When the experiment is triggered, the tem-
perature data logging and the camera recordings are activated, the pneumatic
valve is opened and the linear unit performs the programmed motion cycle until
the end of the experiment is reached.

7.2.1 Data reduction

Surface temperature and heat flux estimations are obtained by solving the In-
verse Heat Conduction Problem (IHCP). In this case, the chosen solution algo-
rithm is INTEMP [6, 7]. Heat flux estimations are only performed when using

Figure 7.4: Plate installation in the linear unit
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a planar water jet, which allows the simplification to a 2D problem assuming
there is no conduction in the lateral direction. One single zone with uniform
heat flux is assumed in the complete test plate surface. INTEMP solves the
IHCP using the Tikhonov regularization to control the smoothness of the heat
flux estimations. The Tikhonov regularization consists of the penalization of
high frequency components in the surface heat flux estimations by implement-
ing a smoothing parameter. The value of this parameter is crucial to penalize
high frequency components arising from experimental data noise without com-
promising the accuracy of the heat flux estimations. In this case, the optimum
value was found to be between 1·10−9 and 4·10−11 [7], depending on the surface
speed.

The experiments reported in this manuscript were performed using both a
planar and a circular jet, including heat flux estimations and high speed cam-
era recordings in both cases. The surface temperature and heat flux histories
reported in this manuscript correspond to planar jet impingement experiments,
in order to allow analysis with a 2D heat conduction problem. The high speed
recordings show comparable boiling activity at equal surface temperatures for
both types of water jet. In order to allow for a bigger field of view in the stag-
nation zone images, the high-speed camera results presented in this manuscript
correspond to the circular water jet impingement experiments. For the sake of
a meaningful comparison, the heat transfer estimations and visualizations are
presented at equal surface temperature.

7.2.2 Uncertainty analysis

In this section, the uncertainty on the primary parameters affecting the heat flux
and surface temperature estimations is presented. The thermocouple location
in the length and width directions has an error of ±0.05 mm. The depth of
the thermocouple tip from the top surface of the plate has an uncertainty of
±0.02 mm. The plate position data is accurate within ±0.05 mm, according to
the linear unit specifications. Regarding the internal temperature measured in
the plate, the K-type thermocouples provide a calibration accuracy of 1.1 ◦C or
0.4% of the absolute temperature in degrees Celsius, whichever is greater. In the
temperature range of this study, this leads to a maximum error equal to ± 2.2 ◦C.
The data acquisition system produces an error of ± 3 ◦C in the temperature data
and ± 0.01 s in the time logging. Based on these measuring inaccuracies and
uncertainties in the thermocouple location, the maximum estimated errors in
the surface heat flux and surface temperature estimations according to INTEMP
calculations are ± 10% and ± 3.5%, respectively, and occur mainly during the



108 Heat transfer during quenching. Moving surfaces.

jet-plate contact episodes.

7.3 Results and Discussion

7.3.1 Quenching at plate speed 3.5 m/s

In this section, quenching results for a plate speed of 3.5 m/s are presented and
analysed. The test plate has an initial temperature of 525 ◦C when quenched
with water at 25 ◦C. Figure 7.5 shows the surface temperature history during
quenching and a subplot shows the temperature history corresponding to a sin-
gle plate-jet contact period. Each jet-plate contact period corresponds to a sharp
surface temperature decrease, followed by a slight temperature recovery during
the plate deceleration and acceleration at times away from the water jet. During
acceleration and deceleration, the plate surface remains dry as long as the plate
surface temperature is above 300 ◦C. During this period the surface is cooled
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Figure 7.5: Surface temperature history resulting from a quenching experiment at initial
temperature 525 ◦C, water jet temperature of 25 ◦C and plate speed of 3.5
m/s. The subplot shows the temperature history of a single jet-plate contact
episode. The markers correspond to the high speed recordings presented in
Figure 7.6
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by convection of air, but internal conduction leads to surface reheating. At a
surface temperature around 300 ◦C a change in behaviour is observed and a
stronger temperature decrease occurs during jet contact, indicating a possible
change in boiling activity.

In Figure 7.6 two types of visualizations are presented. The circular images
on the left represent the jet stagnation zone visualized by the borescope and
correspond to the 9 mm circular nozzle. The rectangular side view images on

Figure 7.6: Snapshots from high speed recordings of the stagnation zone (left) and side
view (center), and side view sketches (right) at different stages during the
quenching experiment at initial temperature 525 ◦C, water jet temperature of
25 ◦C and plate speed of 3.5 m/s. The stagnation zone images (borescope)
correspond to the 9 mm jet diameter. The red contour lines indicate the
interfaces of big bubbles and nucleate bubbles. The red arrows indicate the
direction in which the plate moves in that particular jet contact episode.
The dotted line bubbles in the sketches indicate intermittent boiling activity
(cyclic explosive boiling).
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the right show the jet and spreading water film during impingement. At sur-
face temperatures above 300 ◦C (markers 1 and 2), the borescope images show
cyclic explosive boiling [17]. Explosive boiling is only observed at surface tem-
peratures above 300 ◦C, in agreement with the explosive boiling observations in
stationary quenching experiments [17]. During explosive boiling, the side view
recordings show violent water splashing only at one side of the jet: the down-
stream side of the jet, or the side that has already been in contact with the jet
stagnation zone, as indicated in the sketches in Figure 7.6. This water splashing
is a consequence of the strong expansion and pressure variations generated by
vapour explosions during explosive boiling. The upstream side shows a smooth
water film without splashing. This clear distinction could indicate that film boil-
ing occurs in the spreading water pool before jet impingement (upstream side),
and that this vapour film is broken in the jet stagnation zone leading to explo-
sive boiling in the stagnation zone and downstream side, as illustrated in the
sketches in Figure 7.6.

Below 300 ◦C, the plate is no longer dry during the acceleration and decel-
eration and water pools remain in the plate surface. It is no coincidence that
water pools remain attached to the surface during acceleration and deceleration
at the same moment that explosive boiling activity ceases. The low temperature
limit of explosive boiling (300 ◦C) corresponds to the Thermodynamic Limit
of Superheat of water [1] and below this surface temperature stable contact
between water (pools) and surface is allowed.

At surface temperatures around 300 ◦C (marker 3), the borescope recordings
show the presence of big bubbles and the side view images no longer show water
splashing. At temperatures below 300 ◦C, the recordings show low/no boiling
activity (marker 4). The observed boiling regimes and the surface temperature
at which they occur are in agreement with stationary quenching experiments.

Figure 7.7 shows the boiling curve corresponding to the same experiment.
A subplot shows a detail of the boiling curve corresponding to a single jet-plate
contact episode. As the heat flux increases upon contact with the water jet,
the temperature decreases. During deceleration and acceleration, the heat flux
decreases and the surface is reheated due to internal conduction, resulting in
a loop-like boiling curve. This type of boiling curve is in agreement with No-
bari [49]. As a result, the boiling curve shows a series of loops with overall
decreasing surface temperature.

At temperatures above 300 ◦C, the plate remains dry during deceleration
and acceleration and the heat flux between jet impingement episodes is equal
to 0.05 MW/m2. Considering the difference between the ambient and surface
temperature, this heat flux value corresponds to a heat transfer coefficient in
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Figure 7.7: Boiling curve resulting from a quenching experiment at initial temperature
525 ◦C, water jet temperature of 25 ◦C and surface speed of 3.5 m/s. The
subplot shows a detail of the boiling curve during a single jet-plate contact
episode. The markers correspond to the high speed recordings presented in
Figure 7.6

the range of 100 to 200 W/m2K. This is in the range of forced air convection,
considering the motion of the plate. Below 300 ◦C, the heat flux during accel-
eration and deceleration increases drastically as a result of evaporation of the
water pools that remain on the plate surface.

At surface temperatures above 300 ◦C, the heat flux peaks estimated during
jet contact have constant and moderate values. At surface temperatures below
300 ◦C, and coinciding with the end of the explosive boiling regime observed
in the borescope recordings, the heat flux peaks increase and reach a maximum
at a surface temperature of 200 ◦C. If this boiling curve trend is compared with
the pool boiling Nukiyama’s curve [50], the gentle cooling and moderate heat
fluxes above 300 ◦C could correspond to a film boiling stage which is followed
by a sharp temperature decrease and heat flux increase upon stable rewetting
of the surface. In the present case, the increase of the heat flux and conse-
quent sharp temperature decrease of the plate probably result from the absence
of a vapour film intermittently covering the plate as well. The explosive boiling
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regime corresponds to intermittently dry (bubble rich) and wet (bubble free) pe-
riods. During this intermittent wetting regime, the heat flux is obviously smaller
than at later times when the surface is permanently wet (i.e., big bubbles and
nucleate boiling).

7.3.2 Effect of surface speed

Figure 7.8 shows the effect of surface speed on the surface temperature history
during quenching of a test plate at an initial temperature of 525 ◦C with a pla-
nar water jet at 25 ◦C. Because of a longer contact time, a higher degree of
cooling per pass occurs at lower surface speeds. Low surface speeds also show a
surface temperature history similar to stationary quenching experiments, where
the strongest temperature decrease is observed in the initial stages of the exper-
iment. As the plate speed increases, the development of two distinct regimes
is observed. These 2 regimes are most clearly seen at plate speeds above 3.5
m/s: a gentler cooling regime occurs at surface temperatures exceeding 300 ◦C,
followed by a more steep temperature decrease at around 250 ◦C. The same
change was observed in the previous section and is a consequence of a change
in boiling regime from intermittent explosive boiling to stable wetting of the
surface during generation of big bubbles and later nucleate bubbles.
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Figure 7.8: Surface speed effect on the surface temperature history. Left: Total experi-
ment time. Right: Accumulated contact time. Initial temperature of 525 ◦C
and planar water jet temperature at 25 ◦C.
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Higher plate speeds require longer acceleration and deceleration times and
correspond to shorter contact times with the water jet. In order to remove the
effect of the different movement cycle durations from the interpretation, the
accumulated jet contact time, tacc , can be defined as:

tacc = icont act ·d tcont act ;1 ≤ icont act ≤ ncont act

where icont act s is the number of jet contact episodes in an experiment up to
a certain moment in time, ncont act s is the total number of jet contact episodes
in the complete experiment and d tcont act is the duration of a single contact
episode. Figure 7.8, right, shows the temperature histories at different plate
speeds plotted versus the scaled time. For the sake of clarity, only the lowest
temperature corresponding to each contact episode is plotted. As can be seen,
a clear gradual change occurs towards the two different cooling regimes as the
surface speed increases.

Figure 7.9 shows the effect of surface speed on the boiling curve. For the
sake of clarity, only the heat flux peaks corresponding to the maximum heat
flux during each jet contact episode are plotted [49]. The trends at 0.3 and
0.5 m/s are comparable to the stationary quenching experiment, indicating that
rewetting occurs from the very start of the experiment. At speeds equal to
and above 2 m/s, and in agreement with the temperature history, two different
regimes develop: a moderate and constant heat flux at temperatures above 300
◦C (explosive boiling regime), followed by an increase in heat flux around 250
– 300 ◦C (rewetting regime). An increase in speed shows a decrease of the
temperature at which the transition between the two regimes takes place. In
general, an overall decrease in surface heat flux is observed at increasing plate
speed. This is in agreement with results obtained by others during quenching
of moving rotating cylinders [20] and moving plates [49].

With the increase of plate speed, a decrease of the velocity boundary layer
thickness and also of the thermal boundary layer thickness are to be expected.
Reduction of the boundary layer thickness leads to suppression of boiling activ-
ity similar to the Chen’s suppression factor in nucleate boiling [8]. This explains
the decrease in surface heat flux with increasing plate speed at all stages of the
experiment. As a consequence, a change in boiling activity is also expected.

Figure 7.10 shows snapshots of the stagnation zone recordings at different
speeds during the first contact episode when quenching a surface at 525 ◦C. The
snapshots correspond to surface motion from left to right, meaning that the left
side of the snapshot is expected to have higher surface temperatures than the
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Figure 7.9: Surface speed effect on the boiling curve. Initial temperature of 525 ◦C and
planar water jet temperature at 25 ◦C.

right side. The complete videos are attached as supplementary material (Ap-
pendix A, Movie 12). The recordings at surface speed equal to 0.2 m/s show
big bubbles on the hotter left side of the stagnation zone and absence of boiling
on the colder right side. The experiment corresponding to surface speed equal
to 2 m/s and 4.5 m/s show explosive boiling, similar to the case reported in the
previous section. Lastly, at surface speed equal to 8 m/s, the borescope record-
ings show the absence of boiling and the presence of ripples perpendicular to
the direction of motion of the plate, which are indications for film boiling. These
observations confirm that the changes in the boiling curve at different speeds
result from changes in the boiling activity on the quenched surface, in particular
a reduction of thermal boundary layer thickness and suppression of boiling, as
discussed above.

An important observation can be made regarding the duration of the wet and
dry periods resulting from the explosive boiling regime. As indicated in Figure
7.10 and following the same definition as in Gomez et al. [17], the duration
of the explosive boiling cycle is approximately 0.33 ms at 2 m/s and 0.23 ms
at 4.5 m/s. As the surface speed increases, the thinning of the thermal bound-
ary layer reduces the time that it takes for the water film in the vicinity of the
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Figure 7.10: Stagnation zone snapshots and sketches depicting the surface speed effect
on the boiling regimes occurring in the stagnation zone. First jet-surface
contact at initial temperature of 525 ◦C and circular water jet temperature
at 25 ◦C. Surface motion from left to right. The red lines indicate the big
bubble interfaces and vapour-water interface ripples. The complete videos
are attached to this manuscript as supplementary material (Appendix A,
Movie 12).The dotted line bubbles in the sketches indicate intermittent boil-
ing activity (cyclic explosive boiling).
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surface to reach the Thermodynamic Limit of Superheat, reducing the duration
of the wet period of the explosive boiling cycle and the duration of the cycle
itself. The shortening of the intermittent wetting periods leads to a decrease of
surface heat flux, reaching the extreme case of the film boiling regime when no
wetting periods occur anymore. As a result, the heat flux estimations presented
in Figure 7.9 do not show a clear change in tendency between the experiments
showing explosive boiling (experiments between 2 and 4.5 m/s) and film boil-
ing (experiment at 8 m/s). Instead, a gradual decrease of the heat flux is found
as the intermittent wet periods shorten progressively.
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Figure 7.11: Water jet temperature effect on the temperature history. Initial temperature
of 450 ◦C and plate speed 4.5 m/s.

7.3.3 Effect of water temperature

Figures 7.11 and 7.12 show the effect of different water jet temperature on the
temperature history and boiling curves, respectively, when quenching a plate
moving at 4.5 m/s and initial temperature of 450 ◦C. The experiment using a
water jet at 60 ◦C shows a slower cooling than the experiment using water jet at
25 ◦C. Consequently, the boiling curves show that higher water jet temperatures
lead to overall lower surface heat flux. This is in agreement with other studies
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Figure 7.12: Water jet temperature effect on the boiling curve. Initial temperature of
450 ◦C and plate speed 4.5 m/s.

of quenching of stationary [62] and moving surfaces [20]. During the explosive
boiling regime, an increase on water temperature is expected to lead to faster
superheating and explosive boiling of the water film adjacent to the plate sur-
face. Similar to what is described in the case of increasing surface speed, the
intermittent wetting periods shorten and the surface heat flux decreases. Dur-
ing the second regime, consisting on bubble nucleation during stable surface
wetting, the heat flux decrease when using higher water temperature is due to
a decreased ability of the water to condense bubbles.

7.4 Conclusions

Quenching of hot, moving, steel plates by water jet impingement has shown a
change in the behaviour of the boiling curves that depends on the plate speed
and water jet temperature. The study focuses on the effect of surface speed on
the surface heat flux and boiling activity, given the wide range of surface speeds
that the setup allows. At plate speeds above 2 m/s, a moderate and constant
heat flux regime is observed at surface temperatures above 300 ◦C, followed by
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a significant increase in surface heat flux. Direct visualization of the stagnation
zone during quenching shows that the gentle cooling regime at elevated surface
temperature corresponds to boiling regimes where a vapour film is present at
the surface, either constantly (film boiling) or intermittently (cyclic explosive
boiling). At surface temperatures around 300 ◦C, once stable wetting of the
surface is observed, a significant increase in heat flux takes place.

An overall decrease in surface heat flux is observed at increasing plate speed.
The direct visualization of the stagnation zone at different plate speeds has
confirmed that the observed heat flux decrease corresponds to a suppression of
boiling activity. This is expected to result from a decrease of the thickness of the
viscous and thermal boundary layers as a result of the increasing surface speed.
Similar observations were made at increasing water jet temperature, where the
boiling activity is suppressed by the decrease of condensation.

The setup presented in this publication provides a unique set of experimen-
tal data focused towards understanding of the phenomena occurring on the Run
Out Table. On the one hand, this setup enables quenching of surfaces moving at
speeds up to 8 m/s. To the best of the authors’ knowledge, these are the highest
surface speeds ever reported in this field and within the range of real Run Out
Table speeds. On the other hand, this setup enables the direct observation of
boiling regimes in the jet stagnation zone and changes in boiling activity result-
ing from variations in surface speed and surface and water jet temperature.



Chapter 8
Conclusions and
Recommendations

8.1 Conclusions

Quenching by water jet impingement is a complex process that combines highly
transient phenomena in fluid flow, heat transfer, and thermodynamics. In the
particular case of the Run Out Table application in steel production plants, an
extra degree of complexity is added by the high speed of the steel slabs, and its
effect on heat transfer and boiling activity.

This dissertation presents an experimental study on the quenching of hot
steel plates by water jet impingement. The main goal was to provide under-
standing on the nature of boiling and on the heat transfer during quenching,
necessary to improve or expand current Run Out Table control systems. With
that goal in mind, the process was analyzed from different points of view such
as the design of a new experimental setup, the evaluation of the performance
of the numerical methods, the detailed visualization and interpretation of the
boiling activity during quenching, and the estimation of the heat fluxes involved
in quenching of stationary and fast-moving surfaces. The result is the following
set of conclusions that provides a general picture of the phenomena that take
place during quenching.

The experimental setup used in this study provides a unique combination of
simultaneous temperature data and visualization of the boiling activity in the
jet stagnation zone. During this project, the experimental setup was expanded
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to enable quenching of fast-moving surfaces. The final design resulted from
a close collaboration with industry, manufacturing, and technical experts and
consists of a linear unit that enables a speed of the test surfaces between 0 and
8 m/s. The current experimental setup provides the highest surface speeds ever
reported in the field of quenching and is the first to enable direct visualization
of the boiling regimes that occur in the jet stagnation zone during quenching of
moving surfaces.

Solving the Inverse Heat Conduction Problem (IHCP) is the most common
method to estimate the surface heat flux during quenching experiments. Its
wide use, however, must not be confused with high reliability or accuracy. Prac-
tical and so far unavoidable aspects of the experimental procedure such as data
noise or the thermal contact between thermocouple and test plate have been
shown to have a major effect on the accuracy of the IHCP solution, mainly in
the initial stages of the experiment. This must be taken into consideration not
only in the interpretation of the results presented in this thesis, but also in the
analysis of data from literature and more importantly when implementing con-
clusions and heat transfer estimations to real applications, such as the Run Out
Table control system.

The topic of prime interest of this dissertation is the nature of boiling during
rewetting. The mechanism by which rewetting occurs at surface temperatures
above the Thermodynamic Limit of Superheat of water has been an open discus-
sion in literature until now. This question has been solved in this work thanks to
the direct visualization of the boiling activity in the jet stagnation zone. For the
first time, intermittent boiling activity at frequencies up to 40 kHz has been ob-
served during quenching. After analyzing the effect of length scale and surface
temperature, a hypothesis was presented that relates this intermittent boiling
activity to a new boiling regime consisting of cyclic explosive boiling. At sur-
face temperatures above the Thermodynamic Limit of Superheat of water, the
vapor bubbles generated during explosive boiling quickly collapse upon con-
tact with the subcooled bulk water, leading to intermittent boiling and making
water contact with surfaces at elevated temperatures possible. Side view high-
speed recordings have shown characteristic and violent water splashing during
the cyclic explosive boiling regime, which makes identification of this regime
possible even when the jet stagnation zone visualization is not available.

Understanding the heat fluxes involved in quenching by water jet impinge-
ment is of prime importance to properly control cooling on the Run Out Table.
A study on quenching of stationary surfaces by saturated water jet impingement
provided insight into the process parameters that affect the stability of the film
boiling regime, which represents the main and most stable boiling regime on the
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Run Out Table. An increase of water jet temperature was shown to decrease the
rewetting temperature after stable film boiling, which indicates that an increase
of water temperature has the potential to widen the stable operation window of
the Run Out Table. Sandblasted surfaces were shown to lead to slightly higher
rewetting temperatures and higher surface heat fluxes than smooth surfaces.
This indicates that oxide patches in the steel slab surface might promote un-
even cooling on the Run Out Table, even if the surface temperature along the
slab is homogeneous.

In the final part of this research project, quenching of fast-moving surfaces
was studied using the new experimental setup designed during this project. At
surface speeds above 2 m/s, a change in behavior of the heat flux estimations
is observed showing the development of a regime of moderate and constant
heat flux at surface temperatures above 250-300 ◦C, or close to the Thermo-
dynamic Limit of Superheat of water. The visualization of the stagnation zone
showed that this regime corresponds to boiling activity where a vapor layer is
intermittently (cyclic explosive boiling) or constantly (film boiling) present. Be-
low 250-300 ◦C, the results show an increase in surface heat flux as well as
the development of boiling regimes with constant surface rewetting (big bub-
bles, nucleate boiling, and single phase convection). An overall decrease in heat
flux is observed as the surface speed increases. The visualization of the boiling
activity in the stagnation zone confirmed that this surface heat flux decrease
corresponds to the suppression of boiling activity due to a decrease in the ther-
mal boundary layer thickness. Incresing water temperature lead to a decrease
of surface heat flux and rewetting temperature. This is in agreement with the
stationary quenching experiments and shows again the potential of increased
water temperature to widen the stable operation window of the Run Out Table.

The conclusions drawn from this thesis are a result of a unique combination
of heat flux estimations and detailed boiling activity visualization at process
conditions comparable with the real process application, and therefore result
in a deeper understanding of the nature of boiling and heat transfer during
quenching on the Run Out Table.

8.2 Recommendations

It is often in research that finding an answer also results in new questions. The
work presented in this dissertation is no exception, so new research opportuni-
ties and potential improvements of this work are presented below.

It is recommended to explore the possibility of an Inverse Heat Conduction
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Method able to solve 3D conduction problems in a way that accounts for the
presence of the thermocouples and thermal contact between the thermocouple
and test plate. This has never been done before, given the high computational
cost of such an optimization problem. A possibility to solve this issue would be
to use the estimations resulting from a 2D Inverse Heat Conduction Problem as
an initial guess for the 3D problem.

The stationary quenching experiments presented in this dissertation were
performed using thermocouples installed at 1 mm from the plate surface, based
on previous stages of this project and a literature review. During optimization of
the moving experiments, new drilling techniques were employed to install the
thermocouples at 0.2 mm from the plate surface, thus improving the thermo-
couple response. It is therefore recommended to perform stationary quenching
experiments using thermocouples at 0.2 mm from the plate surface from now
on. If using a silver paste to improve contact between the test plate and ther-
mocouple, it is recommended to choose a silver paste with known and high
thermal conductivity and perform the curing procedure recommended by the
manufacturer. These measures will surely improve the accuracy of the surface
temperature and heat flux estimations during the initial stages of the experi-
ment, and hopefully enable to relate the calculated surface temperature history
to the borescope recordings.

Two main factors were found to affect the reproducibility of the stationary
quenching experiments: the thermocouple installation and the centering of the
test plate with respect to the jet nozzle. The first was tackled and solved dur-
ing this project, by ensuring correct cleaning and drying of the thermocouple
holes before the thermocouple installation. The second one requires improve-
ments in the current setup to ensure that the plate position is reproducible to
the millimeter level. If the test plate is not centered with respect to the water
jet, the axisymmetry assumption made in solving the Inverse Heat Conduction
Problem is not valid and the results are not accurate. For this same reason, it
is also recommended to always install thermocouples on both sides of the test
plate to check the symmetry of the temperature data and to ensure that the jet
stagnation zone is located in the center of the test plate.

The available heating system can only reach initial plate temperatures up to
650 ◦C. Higher initial temperatures make it possible to extend the range of the
experiments to conditions closer to the real Run Out Table operation, where the
initial steel temperature is approximately 1200 ◦C. It is expected that the new
heating system would require a protective atmosphere (Argon or Nitrogen) to
avoid oxidation of the test plate surface during heating.

Originally, visualization of the jet stagnation zone by the borescope was
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only possible when using cold water. When using a heated water tank, the
borescope recordings were dark and blurry. Visualization of the boiling activity
at increased water temperature is an important tool to better understand the dy-
namics of cyclic explosive boiling activity (Chapter 4) and to directly observe the
dynamics of vapor layer collapse after a period of stable film boiling (Chapters 5
and 6). During the late stages of this project, it was found that the main reason
for this limitation was a lack of mixing inside the water tank. The lack of mixing
leads to layers of water at different temperatures with different refractive index
along the line of view of the borescope. This limitation was partly solved by
installing a water pump that forces the water to mix in the tank during heating.
As a result, clear borescope recordings are now possible at water temperatures
between 25 and 60 ◦C. In order to visualize of the jet stagnation zone at even
higher temperatures, the mixing inside the tank must be further improved and
the jet nozzle must be insulated in order to avoid water temperature changes
due to heat loss through the nozzle walls.

During the study on quenching of moving surfaces, the effect of surface
speed on boiling activity in the stagnation zone was only analyzed during the
first jet contact episode. More research is needed to determine the effect of
surface speed on the stability of the film boiling regime, the transition temper-
atures between the different boiling regimes as well as bubble nucleation and
growth. On the other hand, a mismatch was detected between the duration of
the estimated heat flux peaks and the real jet contact time when working at
high surface speeds. It is expected that this mismatch arises from a too slow
thermocouple response. Considering that the thermocouples were already lo-
cated as closely to the surface as possible (0.2 mm), it is worth to consider the
possibility of fast-response temperature sensors on the test plate surface. Faster
thermocouple response would also enable to distinguish heat flux differences at
different locations in the test plate surface. Another possibility to check the ac-
curacy of the surface temperature and heat flux estimations is the installation of
an infrared camera to measure the temperature of the dry surface immediately
after each jet contact episode.
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Appendix A. Videos

List of videos included as additional material to this dissertation:

Movie 1: Linear unit motion during testing.
Link: https://youtu.be/ITbGU4ixfS0

Movie 2: Quenching of a hot surface moving at 8 m/s.
Link: https://youtu.be/U-zlfs6kLcM

Movie 3: Quenching of a hot surface moving at 8 m/s. Slow motion.
Link: https://youtu.be/r2xEm69-lew

Movie 4: Rewetting of a sandblasted surface at initial temperature 650
◦C with water jet at 25 ◦C. Jet stagnation zone view.

Link: https://youtu.be/pSG_fpEVR7I

Movie 5: Rewetting of a smooth surface at initial temperature 650 ◦C
with water jet at 25 ◦C. Jet stagnation zone view.

Link: https://youtu.be/2YnCTcPv038

Movie 6: Rewetting of a smooth and a sandblasted surface at initial
temperature 400 ◦C with water jet at 25 ◦C. Jet stagnation zone view.

Link: https://youtu.be/x-fDp0hzrw0

Movie 7: Rewetting of a half smooth / half sandblasted surface at initial
temperature 650 ◦C with water jet at 25 ◦C. Jet stagnation zone view.

Link: https://youtu.be/9dQptIXzAXc

 https://youtu.be/ITbGU4ixfS0
 https://youtu.be/U-zlfs6kLcM
 https://youtu.be/r2xEm69-lew
 https://youtu.be/pSG_fpEVR7I
 https://youtu.be/2YnCTcPv038
 https://youtu.be/x-fDp0hzrw0
 https://youtu.be/9dQptIXzAXc
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Movie 8: Rewetting of a smooth surface at initial temperature 650 ◦C
with water jet at 25 ◦C. Side view.

Link: https://youtu.be/PgmLTQenwXE

Movie 9: Rewetting of a sandblasted surface at initial temperature 650
◦C with water jet at 25 ◦C. Side view.

Link: https://youtu.be/3lCqNZWnfps

Movie 10: Stable film boiling during quenching with saturated water
jet.

Link: https://youtu.be/R9WUuK0N670

Movie 11: Stable film boiling during quenching with saturated water
jet. High speed recordings.

Link: https://youtu.be/-PNXF1cieqM

Movie 12: Boiling activity when quenching surfaces at different speeds.
Link: https://youtu.be/XrNc95tb55o

 https://youtu.be/PgmLTQenwXE
 https://youtu.be/3lCqNZWnfps
 https://youtu.be/R9WUuK0N670
 https://youtu.be/-PNXF1cieqM
https://youtu.be/XrNc95tb55o
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