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Summary

Free impinging water jets have high heat flux extraction rate and are used as an
effective means of cooling in many industrial applications requiring rapid cooling.
Examples are emergency core cooling in nuclear power plants and power dissipation in
electro-mechanical devices. Steel industries widely employ the process for accurate
temperature control to improve the microstructure and to ensure proper mechanical and
metallurgical properties. The required surface temperatures, heat fluxes and cooling rates
are typically very large, which makes it important to obtain an accurate value of the heat
transfer coefficient. Further, cooling control at elevated cooling rates effectively starts
when solid-liquid contact (rewetting) is established during the quench process. However,
boiling on high temperature surfaces can be quite complex due to the existence of different
boiling regimes simultaneously at the jet impingement quenching surface. Jet quench
experiments have shown a rewetting surface well above the critical water temperature, but a
concrete explanation for this phenomenon is still lacking.
This work aims at experimental clarification of the nature of rewetting and boiling, as
well as at the understanding of the heat transfer behavior in water jet impingement
quenching of a high temperature steel surface. For the first time, high-speed imaging has
revealed the nature of rewetting and boiling phenomena on a surface well above the critical
water temperature within the water jet impingement zone. The inverse heat conduction
method has been applied to obtain the heat flux and the temperature at the plate surface
from temperatures measured with thermocouples inserted into the plate. Surprisingly, noncoalescing gas bubbles on top of a thin vapor film and degassing phenomena were
observed. The influence of initial surface temperature, jet subcooling, and surface condition
on the temperature and on the delay time of rewetting, as well as, the heat transfer behavior
are presented. Moreover, a correlation to predict the temperature and delay time of
rewetting is presented. The development of new products takes a long period of intensive
experiments with associated high costs. Simulations at pilot scale contribute to a reduction
of costs and assist in the development of the industrial process. An accelerated cooling pilot
plant has been designed, constructed and tested to perform research on state-of-the-art
development of processes and new products. This pilot plant is large enough to simulate
industrial conditions. An experimental analysis of boiling and degassing phenomena during
the quenching of a high temperature steel surface by a water jet at various air
concentrations has been carried out. For the first time formation and evolution of liquid jets
in vapor bubbles as a result of another vapor bubble nucleating in its vicinity for water jet
quench cooling under practical circumstances is reported.
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Introduction

Jet impingement boiling has high cooling potential and it is used as an effective mean
of cooling in many industrial applications involving rapid cooling, temperature control in
emergency core cooling of nuclear power plants, and power dissipation in the microelectro-mechanical systems devices. Metal industries widely employ water jet impingement
as a means of precisely controlling temperature during cooling process of hot rolling,
continuous casting, extrusions, forging and hot strip mill cooling on run-out tables. In the
latter process accurate temperature control is mandatory to improve the microstructure and
ensures the required mechanical and metallurgical properties of the produced advanced
high strength steels. High‐quality steel without the need for expensive alloys and low
production costs may be obtained with accelerated cooling process by water jet
impingement quenching.
Curtain
water jet

Moving hot
strip mill
~ 900⁰C

Fig. 1.1 A hot strip mill moving (~ 10 m/s) through an impinging planar water jet (water
curtain) in the first cooling section of a typical hot strip mill cooling system.
In this technique the surface temperature, heat flux (above 6 MW/m²) and cooling rate
(above 100°C/s) are typically very large and acceptable cooling times are relatively short,
which makes it important to obtain an accurate estimate of the heat transfer coefficient.
1

Interfaces and Heat Transfer in Jet Impingement on a High Temperature Surface

However, the process of water jet impingement quenching is characterized by the existence
of different boiling regimes (nucleate boiling, maximum heat flux, transition boiling,
rewetting surface, and film boiling) simultaneously at different streamwise locations on a
moving surface, which makes this process very complex to model. Fig. 1.1 shows a hot
strip mill (~ 900°C) moving (~ 10 m/s) through the first of several impinging planar jets
(water curtains) on the runout table during its cooling process to the desired coiling
temperature. The bottom side of the hot strip is also cooled by water jet and the cooling
system must guarantee a uniform and homogenous cooling on those both sides as much as
it can.
Cooling control at elevated cooling rates effectively starts when stable solid-liquid
contact (rewetting) is established during the quench process. Therefore, the accurate
knowledge of the temperature and delay time of rewetting is essential to characterize
boiling regimes and improve the cooling model in quenching processes [1, 2, 3]. In spite of
the limit condition for water to remain liquid, being the critical temperature of 374 °C and
some quench studies [4‒7] concluding that rewetting can occur only at surface temperatures
below 325 °C, a number of recent studies [8‒14] have reported that rewetting takes place at
surface temperatures above 700°C, which by far exceeds the critical point of water. In the
present study rewetting parameters are carefully examined and quantified. According to
Karwa et al. [15], it is not known whether bubbles exist in the wetted region and
understanding this aspect is critical for the development of heat transfer models for jet
impingement quenching, since the existence of bubbles does alter the liquid film flow as
compared to cooling without boiling.
Contradictions do exist about the occurrence of rewetting in jet impingement
quenching, and there is no concrete evidence that can explain whether it takes place at a
surface temperature beyond the critical point of water in the absence of bubbly activity
within the wet zone, in spite of the high surface temperature. In the present work an
experimental study is conducted on water jet impingement on a high temperature steel
plate, by using high-quality and high-speed imaging (up to 20 kfps) within the impingement
zone in order to understand the rewetting phenomenon and to obtain the limiting value of
the surface temperature that allows its occurrence. The effects of subcooling, jet velocity
and initial surface temperature on the temperature and delay of rewetting were analyzed by
means of the transient inverse heat conduction method that predicts the heat flux and
surface temperature on the impinging surface from temperatures measured with
thermocouples inserted in the plate. Empirical correlations for delay and temperature of
rewetting associated with test parameters were proposed. The plate was preheated between
300°C and 900°C and quenched by an impinging circular water jet of 8 mm diameter, with
a temperature ranging from 20°C to 70°C, and with a velocity between 1 and 3 m/s.
The outline of the thesis is as follows. In Chapter 2 the heat transfer behavior of a high
temperature steel plate cooled by a subcooled impinging circular water jet is experimentally
studied during the cooling of a hot steel plate heated to 600, 750 and 900°C by an
impinging circular water jet. The effects of the surface temperature on the heat transfer
regimes are analyzed with the inverse heat conduction method that gives the heat flux and
the temperature at the plate surface from temperatures measured with thermocouples
inserted into the plate. Chapter 3 presents, for the first time, high-speed imaging (20 kfps)
in order to reveal boiling phenomena within the water jet impingement zone during
quenching of a high temperature (300°C - 900°C) steel plate. Chapter 4 presents the design
of an accelerated cooling pilot plant, which is subsequently constructed and tested, based
on state-of-the-art research. The pilot plant is large enough to simulate industrial
2
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conditions. The system allows various cooling strategies, promotes uniform and
symmetrical cooling, at cooling rates between 10 and 100°C/s, plate lengths between 600
and 2000 mm and thickness from 3 to 50 mm, while the plate velocity is maximum
60 m/min. The temperature is monitored by a thermal camera, and a numerical model is
applied to simulate cooling strategies. The successful operation of the system has been
demonstrated by several cooling tests relevant for the development of new products and
provides parameters for industrial scale production. Chapter 5 presents an experimental
analysis of boiling and degassing phenomena during the quenching of a high-temperature
(~750°C) circular steel plate by a round water jet at 30°C at various air concentrations.
Chapter 6 describes the formation and evolution of liquid jets in vapor bubbles as a result of
another vapor bubble nucleating in its vicinity. Although this kind of jet formation was
observed in a boiling channel in our laboratory [16], this is the first time it is reported for
jet quench cooling under practical circumstances. Understanding the hydrodynamic
interactions is important to predict nucleate boiling behavior. Chapter 7 presents the main
conclusions of this thesis and recommendations for future work. Several chapters in this
thesis are written in the format of an article in order to submit it for publication in a
scientific journal. As a result, some parts like equipment descriptions occur in more than
one chapter.
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2 Heat transfer behavior of a hot steel plate cooled
by a impinging circular water jet

Impinging water jets are used as a fast cooling system due to their high heat flux
extraction rate. In hot steel rolling, the microstructure and mechanical properties of the strip
mill depend on the controlled cooling on the runout table. Therefore, it is important to
obtain an accurate estimate of the heat transfer coefficient. This paper presents an
experimental and numerical study of the heat transfer behavior of a high temperature steel
plate cooled by an impinging circular water jet. The effects of the surface temperature on
the heat transfer regimes were analyzed by the inverse heat conduction method that gave
the heat flux and the temperature at the plate surface from temperatures measured with
thermocouples inserted into the plate. The results showed that the water jet is in direct
contact with a surface temperature well above the critical water temperature of 374°C.
Initial surface temperature has a strong influence on the onset of rewetting, on the boiling
curve, the maximum heat flux, and the advancement of the wet front. The results will
contribute to a better understanding of the heat transfer regimes that occur during hot steel
cooling processes at high temperatures.

This Chapter is substantially reproduced from a presentation in 7th ECI International
Conference on Boiling Heat Transfer, 2009 (cited by 29 articles), and in 19th International
Congress of Mechanical Engineering, 2007, by Leocadio, H.; Passos, J. C.; Silva, A. F. C.
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Chapter 2

2.1

Introduction

Many industrial applications use free impinging water jets, because of the high heat
transfer rates that can be obtained using relatively simple equipment [1]. The temperature
control at the runout table is one of the most critical processes to ensure required
mechanical properties and obtain the desired grain structure in a steel strip [2]. For a hot
strip mill, the finishing and the coiling temperatures are between 800-950°C and 510750°C, respectively. In order to reduce the temperature of the strip at the exit of the last
stand of the finishing train to the desired coiling temperature, it is mainly cooled by the
cooling water on the runout table [3], as shown in Fig. 2.1. This process includes internal
conduction, forced convection, boiling, air convection, radiation and heat generation from
material phase transformation. The entire heat transfer process is not yet fully understood
because the heat transfer mechanism involves the complex interaction of water
impingement and boiling on a moving surface travelling up to 20 m/s [4].

Strip

Jet

Fig. 2.1 Hot strip mill cooling system with various arrays of circular water jets installed
along the run out table.
Authors disagree on the heat transfer regime that occurs in the impinging zone during
the cooling of the hot strip steel. According to Prieto and Menendez [5], in the impact zone
the regime is in a single-phase forced convection, even for surface temperatures between
600°C and 900°C. They do not explain how to evaluate the thermal properties of liquid
water beyond the saturation temperature. According to Viskanta and Bergman [6] and
Timm et al. [7] the boiling regime occurs due to high heat flux and surface temperature.
From their visual observations, Zumbrunnen et al. [2] concluded that the regimes that occur
during the cooling of a hot strip mill proceed in a manner similar as shown in Fig. 2.2. In
zone I, heat transfer is by single-phase forced convection, the cooling effectiveness is very
high and surface temperature is too low for boiling. In zone II, there is the nucleate boiling
6
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regime in a narrow range, while in zone III, film boiling occurs. Once film boiling starts,
there is a disordered state at the hot surface of the plate, shown in zone IV. Ochi et al. [8]
and Ishigai et al. [9] showed that subcooling of water strongly affects the heat flux and
prevents the formation of film boiling in the impingement zone. Results published by
different authors [4, 10] show discrepancies between heat transfer coefficient values.

Fig. 2.2 Heat transfer regimes adjacent to impingement planar water jet on hot strip [2].
The purpose of the present study is to contribute to the understanding of the regimes
that occur during the cooling of a hot steel plate heated to 600, 750 and 900°C by an
impinging circular water jet, by means of the experimental apparatus built at the R & D
Center of Usiminas Steel. The effects of the surface temperature on the heat transfer
regimes were analyzed via a 2D axisymmetric finite element method based on a transient
inverse heat conduction model. This model back-calculated the heat flux and temperature
along the jet impingement surface from temperatures measured with thermocouples
inserted in square steel plates. The results are aimed to contribute to a better understanding
of the heat transfer regimes during the cooling of a hot steel plate at high temperature.

2.2
2.2.1

Experimental set up and procedures
Experimental facilities

An outline of the experimental facilities installed at R&D Center of Usiminas Steel is
shown in Fig. 2.3. The coolant fluid used was ordinary tap water stored in a tank (16),
whose equivalent pressure is 0.7 bar, creating a jet flow (13) at the exit (14) of a U-tube
(radius of curvature 70 mm), with an inner diameter of 10 mm. The reason for using a U
shaped tube (14) is to keep the water exiting the nozzle in a stable flow state without the
presence of air and also to be compatible with the nozzles used in the steel industry. The
overflow tube (1) has the purpose of keeping the water level in the tank (16) constant, thus
assuring a constant pressure in the U-tube.
The steel plate (9) was heated to the test temperature in a 75 kW electrical furnace,
800 mm wide, 1000 mm long and 600 mm tall, capable of heating up to 1300°C. The test
7
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plate material was AISI 304, in order to prevent oxidation and the peak in specific heat
caused by the phase transformation during the cooling process that occurs in carbon steel,
shown in Fig. 2.4. Two kinds of square plates were used: 150 and 200 mm in length and 14
and 10 mm thickness, respectively.

Fig. 2.3 Outline of the experimental apparatus.
Some thermal properties of the AISI 304 for temperatures between 27 and 927oC [11]
are shown in Table 2.1. On the sides of the plate without water impingement, insulation
material was used with a thermal conductivity of 0.170 W/m°C (at 1090°C) and
0.078 W/m°C (at 540°C) and 50 mm thickness. The data acquisition system, composed of
10 channels, allowed for an acquisition rate of 10 Hz. The flow rate of the water jet was
6 ℓ/min, measured with a flowmeter with a built in measurement error of ± 0.25 %.

Fig. 2.4 Variation of specific heat for carbon steel with temperature [5].
2.2.2

Experimental Procedure

The plate temperature history during cooling was measured with four thermocouples
inserted into the plate. The K-type thermocouples (11), with diameter of 1.5 mm, were
mounted aligned at distances of 0, 15, 35 and 55 mm from the center of the 150 x 150 mm2
plate. The thermocouples were inserted at a depth of 10 and 6 mm, respectively, from the
bottom of the plates. The test plate was heated in the electrical furnace to the test
8
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temperature and then was transferred to the test position. The cooling process started at test
temperatures of 600, 750 and 900°C. The water jet exit was set at a height H of 300 mm
from the plate surface. The water jet temperature was 22°C, measured using a K-type
thermocouple (6) located inside the header (12). For the numerical analysis of the
experimental results, a constant air temperature of 25°C was assumed. The sides of the
plate without water impingement were assumed to be adiabatic because heat loss at those
surfaces was much lower than at the impingement surface. A digital camera was used to
capture the images during the cooling process, with a rate of 13 frames per second.
Table 2.1 Thermophysical properties of the AISI 304 [11].
T (ºC)

cp (J/kg.K)

ρ (kg/m3)

k (W/m.K)

27
127
327
527
727
927

447
515
557
582
611
640

7900
7859
7774
7685
7582
7521

15.2
16.6
19.8
22.6
25.4
28.0

A photograph of the impinging circular water jet at a flow rate of 6 ℓ/min on a cold flat
plate surface is shown in Fig. 2.5-a. The impinging jet diameter, Dj, at the surface is smaller
than at the nozzle exit, Dn, due to the gravity which increases the velocity of the water. In
the impingement zone (stagnation zone), pressure and vertical jet velocity, V j, take effect.
Outside this zone a zone of radial flow appears, where Vj equals zero. Ochi et. al. [8] and
Webb et. al. [12] agree that the stagnation zone diameter, Dest, can be considered close to
twice the jet diameter, Dj . The dimensions of the stagnation zone were evaluated using
photographs of the water jet, as shown in Fig. 2.5-b.
(a)

(b)
295 mm
Dj= 6.8 mm

Vj= 2.7 m/s

5 mm
6.8 mm

6.8 mm

r
Dj

Dest = 2Dj

Fig. 2.5 (a) Photograph of a water jet impinging on a flat surface, showing D j position and
(b) impingement zone parameters.
Heat transfer processes during free-jet impingement cooling is dependent on how water
flows on the plate surface. Some hydrodynamic parameters are required in a heat transfer
9
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analysis, such as: the jet velocity at the nozzle exit (Vn), the impinging jet velocity (Vj), the
impinging jet diameter (Dj) and the saturation temperature (Tsat) at the impingement zone
(stagnation zone). These parameters are listed in Table 2.2 and they were calculated using
the equations of continuity and Bernoulli: (i) Vj = √Vn2 + 2gH, (ii) Dj = Dn √Vn /Vj , and
(iii) Pj = Patm + (ρj . Vj2 )/2, where Dn is the nozzle diameter, H is nozzle exit-to-surface
distance equal to 300 mm, ρj is the mass density of water, and g is the gravitational
acceleration.
As the circular free-surface jet issuing from a pipe-type nozzle impinges onto the
surface, the flow is diverted radially outwards along the surface and its free liquid jet layer
thickness is reduced, as shown in the water jet photographs in Fig. 2.5. The pressure is
maximum at the stagnation point (r = 0) due to the dynamic contribution of the impinging
jet and decreases monotonically to the ambient value away from it at about r / Dj ≈ 1.28 [8].
Conversely, the radial velocity (Vr) is zero at the stagnation point and increases to the jet
velocity with increasing distance along the surface. Details of the jet impingement
hydrodynamics on an unheated flat surface showing profiles of radial velocity across the
liquid layer depth along the radial position are described in Chapter 3 section 3.2.3.
As the tests were carried out at an altitude above sea level of 234 m, the atmospheric
pressure was around Patm ≈ 97,200 Pa. The stagnation pressure, Pj, represents the active
pressure at the center of the plate (r = 0) where Pj > Patm. The saturation temperature (Tsat) at
r = 0 was found to be practically equal to 100°C. The saturation pressure must be carefully
considered in jet quenching, because higher saturation pressures anticipate the change from
nucleate boiling to the single-phase regime. In the hot strip mill cooling process, Vj ≈ 7 m/s
and the saturation temperature rises to 105°C.
Table 2.2 Hydrodynamic parameters at stagnation zone.
Qn
(ℓ/min)
6.0

2.2.3

Dn
(mm)
10

Vn
Dj
Vj
(m/s) (mm) (m/s)
1.3
6.8
2.7

Pj
(kPa)
101

Tsat
(ºC)
99.9

Inverse heat conduction analysis

An inverse heat conduction program, developed by Trujillo at Trucomp Co [13], was
used to calculate the heat flux at the impinging surface from the measured hot plate
temperatures. Table 1 shows the thermo-physical properties of the steel plate that are
temperature dependent. Two 2D axisymmetric finite element models were used for the
numerical analysis. The first model had a radius of 75 mm, 14 mm thickness and 4,200
quadratic elements with 4-nodes per element. The second model had a radius of 100 mm,
10 mm thickness and 4,000 quadratic elements, as shown in Fig. 2.6.
As boundary conditions, plate faces without impingement were considered adiabatic,
since the radiation and free convective heat transfer rate are much smaller than that
impinging side due to thermal insulation assembled. The top surface of the square plate of
150 x 150 mm was divided into four zones with a uniform heat flux in each zone: r1 = 0 to
7 mm, r2 = 7 to 25 mm, r3 = 25 to 45 mm and r4 = 45 to 75 mm. For the plate of
200 x 200 mm² there is an added region, r5 = 75 to 100 mm.
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Fig. 2.6 2D axisymmetric finite element model divided into four surface of heat flux
monitoring zones according to the thermocouple positions.

2.3
2.3.1

Results and discussion
Visual analysis

The successive stages occurring during the cooling process for the initial test
temperature at Ti = 900°C are shown in Fig. 2.7. The digital camera captured the images
during the cooling process at intervals of 0.08 s. At the onset of the cooling process the
vapor film is formed and represented by a white disc under the impinging jet (t = 0.08 s).
Next, a small dark zone with a large white ring surrounding the impinging jet (t = 0.24 s)
has developed. This dark zone suggests that water is in direct contact with the plate surface
and, thus, this zone may be considered as a wet zone. The dark zone increases fast
(t = 0.88 s) and a narrower white ring surrounding the impinging jet is observed. However,
it was observed that the growth rate of the dark zone decreases with time.

t=0

t = 0.88 s

t = 0.08 s

t = 0.24 s

t = 3.84 s

t = 9.84 s

Fig. 2.7 Photographs from the cooling process for T i = 900°C showing the growth of the
dark zone.
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This behavior happens because: (i) as the water travels radially outwards, it receives
heat from the hot surface reducing its subcooling. With a lower subcooling, its ability to
condense vapor bubbles is reduced in the wetting front edge, and (ii) as the water travels
radially outwards its free liquid jet layer thickness is reduced, as shown in the water jet
photographs in Fig. 2.5. Therefore, together with the reducing water layer thickness with
radial distance also the radial mass flow is reduced. At a lower mass flow it is easier to
reduce the water subcooling, which leads to a reduction of the wetting front velocity.
Fig. 2.8 shows sketches demonstrating the first steps of the cooling process related to
the photographs shown in Fig. 2.7. In Fig. 2.8-a, the film boiling separates the liquid from
the hot surface, where a low heat flux occurs. In Fig. 2.8-b, the water jet breaks the film
boiling and touches the plate surface where the beginning of the dark zone can be seen, the
surface temperature is beyond the critical temperature of water and with the occurrence of
solid-liquid contact a high heat flux will occur. Fig. 2.8-c shows the radial advancement
outward of the wet front (dark zone).

Fig. 2.8 The first moments of the cooling process: (a) film boiling, (b) solid-liquid contact
and (c) wet front.

Fig. 2.9 Photographs from the cooling process at Ti = 600°C showing the growth of the
dark zone.
The cooling tests at Ti = 600°C and 750°C (see Fig. 2.9 and Fig. 2.10) also showed a
behavior similar to that observed in Fig. 2.7 for Ti = 900°C, with vapor film formation
12
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followed by appearance of dark zone. However, it was noted that the dark zone growth rate
increased with decreasing Ti, showing that the initial surface temperature has a strong effect
on the advancement of the wet front. Clearly, higher initial test temperatures increase the
amount of energy stored in the plate, and therefore increase the time needed to extract
energy and, thus, reduce the quench front velocities. Furthermore, the time spent before (?)
the appearance of the dark zone increased with increasing T i, demonstrating its influence on
the delay time of the onset of the transition regime. Delay time and temperature of
occurrence of the solid-liquid contact have to be considered in quench cooling control,
since high heat fluxes are only obtained after solid-liquid contact has occurred, and these
features are further studied in Chapter 3.

Fig. 2.10 Photographs from the cooling process at Ti = 750°C showing the growth of the
dark zone.

Fig. 2.11 Growth curves of the dark zone diameter as a function of time for T i = 600, 750
and 900°C.
Fig. 2.11 shows the growth of the dark zone diameter for Ti = 600, 750 and 900°C. The
figure shows that, in the early stages, t < 0.8 s, the initial surface temperature has a weak
13
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influence on the growth of the dark zone diameter. For t > 1.0 s, the initial test temperature
has a great influence on the growth of the dark zone. The dark zone grows with time but its
growth rate decreases with time. As mentioned above, the wet front velocity decreases with
increasing diameter due to the reduction of the layer thickness and subcooling of the liquid
as it flows radially outwards reducing, thus, its ability to condense vapor bubbles at the
wetting front. Therefore, higher Ti promotes a later solid-liquid contact and decreases the
wetting front velocity.
2.3.2

Cooling curves

The internally measured and calculated surface temperatures are shown in Fig. 2.12.
Fig. 2.12-a shows the cooling curves obtained from thermocouples 1 to 5, at r = 0, 15, 35,
55 and 75 mm, shown in Fig. 2.7. The cooling process started at t = 148 s, with an initial
temperature of 900°C. The temperature drop is more evident at curve 1, r = 0, where the
cooling was more intense. As the dark zone diameter increases, an increase of the cooling
rate can be seen in the other curves. Using the inverse heat conduction analysis, the surface
temperatures were calculated from the temperatures measured from inside the test plate
(Fig. 2.12-b) at position r = 0. It was observed that the surface temperature decreases faster
than the internal temperature in the first seconds after the beginning of the cooling process,
indicating a highly nonlinear temperature profile inside the plate. This trend was also
observed in tests with Ti = 600 and 750°C. Fig. 2.13 shows the nonlinearity inside the plate
through isotherms at time 16.8 s from the start of cooling. At the impingement point, at
r = 0 and y = 14 mm, the temperature is 156°C while at y = 0, the temperature is
approximately 624°C.
Fig. 2.14 shows the analysis of the visual observations of the cooling process and the
surface cooling curves from Fig.10-b. The time interval between the onset of the cooling
process and the clear appearance of the dark zone was Δt = 0.4 s and the surface
temperature was Ts = 877°C which is well above the critical point of water of 374°C At
t = 3.4 s seems to be the onset of solid-liquid contact with surface temperature of 885°C. In
literature [6, 7, 14] also solid-liquid contact temperatures beyond the critical temperature
have been reported, but a concrete explanation for this phenomenon at such a high surface
temperature remained unknown without further experimental evidence. In Chapter 3,
experimental and visual evidence of this phenomenon is reported. Later, after Δt = 1.6 s,
the surface temperature was still too high (Ts = 574°C) in the dark zone, and no bubbles nor
film boiling was observed in spite of the high heat flux and high temperature. According to
some authors [6, 7], this behavior could be explained by the water jet which penetrates the
vapor layer, which causes the bubbles formed on the hot surface to condense into subcooled
liquid. Timm et al. [7] suggested that such bubbles have an average radius of 0.1 mm and a
short lifetime of 10-4 s, between growth and collapse. According to Ochi et al. [8] and
Kokado et al. [14], the solid-liquid contact always occurs for a water jet at temperature
Tj < 60°C, regardless of its high temperature, but, they provided no explanation for this
phenomenon.
2.3.3

Boiling curves

The boiling curve is characterized by the transient surface temperature variation and its
typical behavior is given in Fig. 2.15-a for Ti = 900°C at position r = 0. The curve can be
divided into three regions: single-phase forced convection, nucleate boiling and transition.
All the boiling curves from jet quench experiments retain the main features of traditional
saturated pool boiling curves (steady-state), with some variations due to the effects of
14
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subcooling and forced flow. An increase in subcooling and forced flow increase
condensation and removal, respectively, of the vapor bubbles leaving the region close to the
boiling surface, facilitating cold liquid access to the boiling surface.

1000
T
Tint
= 900
900 CC
int =
T
893 C
Tss == 893
C
t = 3,2s

900

(b)

tt == 3,2s
3.2 s

r=0
Ti = 900⁰C

800
Measured
internal
temperature (Tint)

Temperature (°C)

700
600
500
400
300
Calculated
surface
temperature (Ts)

200
100

0
0

5

10

15

20

(b)

25

30
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40
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50

55

60

Cooling time (s)

Fig. 2.12 For Ti = 900°C: (a) Measured internal temperatures at various radial positions; (b)
Calculated surface temperature and measured internal temperature at r = 0.
As visualized by photographs in sections 2.3.1 and 2.3.2, the water jet breaks the
boiling film and the solid-liquid contact takes place on the surface beyond the critical
temperature of water, where the beginning of the dark zone can be seen. The minimum film
boiling temperature, Tmin, is sometimes called the Leidenfrost temperature. Actually, the
Leidenfrost temperature is the minimum film boiling temperature limited to the case of
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droplets boiling on a heated surface. The minimum film boiling temperature (T min) and the
Leidenfrost temperature are equal for saturated liquid on an isothermal surface [15].
Usually, the term rewetting temperature (T rw) is used interchangeably with the minimum
film boiling temperature (Tmin), implying that the rewetting temperature (T rw) corresponds
to the minimum heat flux (qmin). Although the boiling curves in the subcooled jet
impingement quenching experiments clearly exhibit nucleate boiling, transition, and
maximum heat flux (qmax), the minimum heat flux (qmin) is virtually non-existent. Since the
boiling curves do not have minima, the term minimum film boiling temperature (Tmin)
would be inappropriate and the term rewetting temperature (T rw) is used in the present
study as the temperature at which direct liquid-solid contact is established.

Fig. 2.13 Isotherms at t = 16.8 s after start cooling process for Ti = 900°C.

Fig. 2.14 Analysis of the visual observations with the surface cooling curves for T i =
900°C.
According to Fig. 2.14, rewetting occurs at surface temperatures between 877°C and
893°C and Fig. 2.15 shows that the transition regime occurs between 506°C and 893°C.
Thus, rewetting occurs during the transition regime. The maximum heat flux (qmax) of
3 MW/m2 occurs at Ts = 506°C and delimits the boundary between the transition and
nucleate boiling regimes. The single phase regime begins at Ts ≈ 145°C and
16
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qs ≈ 1.2 MW/m², with a clear inflection and change in the slope of the boiling curve, similar
to that observed in the traditional saturated pool boiling curve, where also the liquid surface
looked smooth without bubbly activity (in Chapter 3, high quality visual images within the
impingement zone show bubbly activity ceasing around T s = 240°C at a water jet
temperature of 20°C). These results indicate that subcooling and forced convection affect
the boiling curve.
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Fig. 2.15 (a) Heat flux and heat transfer coefficient curves at r = 0 for Ti = 900°C and (b)
Heat flux curves for Ti = 600, 750 and 900°C at r = 0.
In the early stages of the jet quench process both surface heat flux and heat transfer
coefficient, h, are small due to the vapor layer separating the liquid from the heated surface.
The heat transfer coefficient is estimated by h = qs / (Ts ‒ Tj), where Ts, Tj and qs are
17
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surface temperature, water jet temperature and surface heat flux. As the rewetting process
takes place during the transition regime, larger areas of the surface are in direct contact with
the subcooled liquid. This increases qs and h, until the maximum heat flux is reached.
Thereafter, the surface heat flux decreases. However, h continues to increase due to the
decrease in the number of vapor bubbles on the surface that facilitates the solid-liquid
contact.
At the beginning of the single-phase forced convection regime the slope of the boiling
curve increases proportionally to the decrease of the surface temperature, while the heat
flux decreases. This behavior can be explained by examining the thermal boundary layer
thickness. As the surface temperature decreases, the thermal boundary layer thickness
decreases and, therefore, a thinner layer allows a larger heat transfer coefficient [16, 17].
The effect of the initial test temperature (Ti) on the boiling curves is shown in Fig.
2.15-b. The maximum heat flux increases with increasing Ti. For Ti = 600, 750 and 900°C
qmax = 2.1, 2.5 and 3 MW/m² and this maximum heat flux occurs at
Ts = 340, 365 and 506°C, respectively. Also the time spent before q max is reached increases
with increasing Ti. However, after reaching qmax the boiling curves have the same slope
and they overlap. Therefore, the single-phase and nucleate boiling regimes are not affected
by Ti. For all tests, the boiling curves exhibit the same inflection point around Ts ≈ 140°C
demarking the onset of the single-phase regime. Fig. 2.16 shows the effect of the initial
surface temperature on the heat transfer coefficients in the impingement zone at r = 0 for
Ti = 600, 750 and 900°C. The heat transfer coefficient in the region of transition is strongly
affected by Ti until Ts ≈ 300°C, where the curves meet and remain together until T s ≈ 50°C,
through single-phase forced convection and nucleate boiling.
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Fig. 2.16 The influence of the initial test temperature on the heat transfer coefficient, for Ti
= 600, 750 and 900°C, at r = 0.
The surface heat flux curves at position r = 0, 15, 35 and 55 mm for Ti = 600 and
900°C are shown in Fig. 2.17. The peaks observed in the curves are due to the arrival of the
rewetting front at the radial position of the thermocouples. The peaks of maximum heat
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flux decrease as they move away from the jet impingement zone. The reduction in the
peaks is caused by the heating of water as it moves radially outwards reducing its
subcooling and, consequently, reducing its heat removal capacity. This trend was observed
in all tests. This proves that higher subcooling promotes higher surface heat flux. The
effect of initial surface temperature on the boiling curves can be observed by comparing the
curves for Ti = 600 and 900°C, as shown in Fig. 2.17.
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Fig. 2.17 Boiling curves as a function of time for (a) Ti = 600°C and (b) Ti = 900°C
For Ti = 600°C (Fig. 2.17-a), the heat flux peaks at position r = 0, 15, 35 and 55 mm
reach a value of 2.15, 1.44, 1.16 and 0.80 MW/m² at t = 9.09, 9.89, 14.1 and 28.9 s,
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respectively. Note that the time interval between the peaks increases as the rewetting front
moves radially outward: 0.8, 4.2 and 14.8 s. This behavior was also observed by
photographs in Fig. 2.7 to Fig. 2.10, where it could be observed that the rewetting front
velocity decreases as the wetted zone grows radially outwards. As explained above, the
rewetting front velocity decreases due to the reduction in the layer thickness and subcooling
of the liquid as it flows radially outwards, reducing its ability to condense vapor bubbles at
the rewetting front.
The maximum heat flux at r = 0 was 49% higher than at r = 15 mm and 168% higher
than at r = 55 mm, showing that the cooling efficiency in the impingement zone is
significantly higher than in the other zones. This is an important factor to be considered in
the design and development of accelerated cooling systems and simulation models.
For Ti = 900°C (Fig. 2.17-b), the heat flux peaks at position r = 0, 15, 35 and 55 mm
were 3.0, 2.2, 1.7 and 1.0 MW/m², with time intervals between peaks of 11.0, 15.3, 29.6 s.
The phenomena were similar as at T i = 600°C. However, the intervals between the peaks
were larger than those observed for Ti = 600°C. Again, these results show the effect of T i
on the advancement of the wet front, as mentioned above.
2.3.4

Heat transfer during hot strip mill cooling

Temperature control at the runout table is very critical to ensure the required
mechanical properties in a steel strip and this has to be accomplished in a process in which
the surface temperature and heat flux are typically very large and acceptable cooling times
are relatively short, with a surface cooling rate larger than 100 C/s. For a hot strip mill, the
finishing and the coiling temperatures are between 800-950°C and 510-750°C, respectively.
In order to illustrate the behavior of the impinging jet employed during accelerated cooling
of steel in the hot rolling process, Fig. 2.18 shows a 900°C-1850 mm-wide-750 m-long4 mm-thick hot strip mill moving through the first of several planar jets (water curtain) on
the runout table during its cooling process, at a speed of 6 m/s (a) and at a speed of 10 m/s
(b). Fig. 2.19 shows a 20 mm-thick 820°C-steel plate moving at 0.3 m/s throughout arrays
of impinging circular jets. In both cases the dark zone (wetted zone) is clearly visible
beneath the impinging jet. Its length stretches more downstream than upstream, which
makes a non-symmetric effective cooling zone. This shows a disadvantage of the stationary
test representing a moving one. An outer white zone (film boiling) surrounds the wetted
zone, where possibly the surface is dry. The wetted zone has a size around 8 jet diameters
(Fig. 2.19). Similar behavior happens in a strip at 6 m/s for a water curtain jet where the
wetted zone size is around 20 planar jet thicknesses (Fig. 2.18 - b). In the image of the strip
at 10 m/s (Fig. 2.18 - a), the wetted zone is almost invisible; if it exist, it is small, around 3
jet thickness.
The main reason for the smaller wetted size is the larger velocity of the strip moving at
10 m/s. A higher velocity means less resident time of a specific point on the strip surface
below the impingement zone, and consequently less time for rewetting to start. Note that
the impingement zone is larger than the impinging jet diameter because after impingement
of the jet onto the surface, the flow is diverted radially outwards along the surface. This
short resident time below the impingement zone can be estimated as 0.13 s for the strip
moving at 6 m/s. Based on Fig. 2.7 and Fig. 2.14 the rewetting takes place at t < 20 s.
Higher frame rates should be used in order to reduce this uncertainty. As mentioned above,
in hot strip cooling the impinging jet velocity is about 7 m/s, which increases the impinging
pressure and the saturation temperature rises to 105°C. These factors added to high
subcooling can reduce the rewetting delay time. In chapter 3, the parameters that affect the
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delay time and temperature of rewetting are studied more deeply and correlations are
proposed. However, further experiments on a moving surface are needed.
(a)

Curtain jet
10 m/s
Dark zone

~ 900°C - Strip
(b)

Curtain jet

Dark zone

6 m/s

~ 900°C - Strip

Roll

Fig. 2.18 Photograph of the dark zone forming on (a) 900°C -4 mm-thick hot strip mill at
Ts ≈ 900°C moving at 10 m/s and (b) 6 m/s crossing the first of various planar impinging
jets (water curtain) on the runout table during its cooling process.
Round
Jet

Dark
zone

Fig. 2.19 Photograph of the dark zone forming during accelerated cooling of a 20 mm-thick
steel plate at Ts ≈ 820°C moving at 10 m/min going through arrays of impinging circular
(round) water jets.
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Noteworthy is that the heat flux in the dry zone (film boiling) is smaller than in the wet
zone, as shown in Fig. 2.17. Once rewetted, the enhancement of the cooling process
increases with the enlargement of the wet area. Low velocities result in a larger wet area
and, thus, a higher heat removal. Therefore, knowledge of the delay time for the occurrence
of solid-liquid contact is crucial in hot steel rolling cooling control, because it determines if
the strip surface is wetted and if so, its dimension.

2.4

Conclusions

The heat transfer during the cooling of a high temperature steel plate by a subcooled
impinging circular water jet was successfully characterized using an experimental
apparatus:
 Rewetting (solid-liquid contact) takes place at a surface temperature which
exceeds, by far, the critical temperature of water of 374°C, at a time t < 20 s just
after impingement on a 900°C-plate surface.
 Even though no boiling activity is observed within this wetted area (dark zone),
the heat transfer regime cannot be considered as single-phase due to the presence
of the high surface temperature and the high heat flux.
 Photographs from the hot strip mill cooling process show the presence of a dark
zone (wet zone) under the impinging jet, suggesting that rewetting even occurs at
high temperatures on a surface moving faster than 10 m/s. Delay time and
temperature of rewetting have to be considered in quench cooling control, since
higher heat fluxes occur only after solid-liquid contact has occurred.
 The initial surface temperature plays an important role in jet quenching. Higher
initial temperatures delay the growth of the wetted zone and the onset of the
rewetting process.
 Boiling curves show that an increase in initial surface temperature causes an
increase in the maximum heat fluxes, but single-phase and nucleate boiling
regimes are not affected.
 The heat fluxes are highest in the impingement zone and decrease as they move
radially outwards. This is an important factor to be considered in the design and
development of accelerated cooling system as well as in simulation models.
 An explanation for the occurrence of solid-liquid contact at such high surface
temperature without boiling activity remains unknown in the present study, but
will be explained in Chapter 3.
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3

3 Rewetting and boiling in jet impingement on a
high temperature steel surface

Interface topologies and boiling phenomena are observed within the water jet
impingement zone during quenching of a high temperature (300 °C – 900 °C) steel plate by
direct optical observations. Stable film boiling may occur, but surface asperities may easily
penetrate the vapor film and interact with the flowing liquid. By cooling down more rapidly
than the remaining solid surface, such asperities act as a kind of micro-fin. Rather
surprisingly, non-coalescing bubbles on top of the thin vapor film have been observed,
probably formed on top of penetrating surface asperities. After establishing contact between
water and solid, so after rewetting, an intense bubble activity is normally seen of bubbles
that are footed on a dry plate area with a contact line reflected the LED lights and
condensing at later times. These are vapor bubbles. A high surface roughness promotes
rewetting that may be initiated at several places simultaneously. For an initial plate
temperature of 300 °C and a total height roughness of 5 µm rewetting took place without
the occurrence of a vapor film; surfaces at or above 450 °C exhibited vapor film formation,
even for a high jet subcooling of 80 °C. Temperature and time of rewetting are strongly
affected by the initial surface temperature and jet subcooling and less by the jet velocity.
New correlations are provided to predict these dependencies.

This chapter has been accepted in Physics of Fluids and selected as an Editor’s Pick, 2018,
by Leocadio, H., van der Geld, C.W.M., Passos, J. C. and a preliminary version was
presented in 9th World Conference on Experimental Heat Transfer, Fluid Mechanics and
Thermodynamics, 2017.
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3.1

Introduction

Water jet impingement quenching has high cooling potential and is used as an effective
means of cooling in many industrial applications requiring rapid cooling. Examples are
emergency core cooling in nuclear power plants and power dissipation in the electromechanical devices. Steel industries widely employ the process for accurate temperature
control to improve the microstructure and to ensure proper mechanical and metallurgical
properties. The required surface temperatures, heat fluxes and cooling rates are typically
very large (above 6 MW/m² and above 100 °C/s).
Interface topologies and flow patterns can be quite complex in boiling from high
temperature surfaces [1]. The same is expected during quench cooling of steel plates at
900 °C, at ambient pressure, but flow regimes have never been directly observed in these
circumstances, yet. One of the reasons is the difficulty to access the rather confined liquid
flow area where large temperature gradients occur and where various boiling processes are
expected to occur [2]. In hot strip rolling mills, the steel strip has a temperature of about
800‒950 °C after the last finish stand mill and is then cooled at controlled rates by arrays of
impinging water jets (planar or circular) placed at a row along the length of the run-out
table, while the plate is moving at speeds up to 20 m/s. As initially the strip surface
temperature is far above saturation temperature, an insulating vapor blanket covers the solid
surface (film boiling) in this stage. During the cooling down to a temperature that allows a
stable metal-liquid contact (rewetting), various other types of flow regimes are anticipated.
According to Karwa et al. [2] it is not known whether bubbles exist in the wetted region.
Knowledge of interfacial topologies and the occurrence of bubbles is found to be critical to
the development of heat transfer models for jet impingement quenching, but due to the
harsh conditions prevailing in the quenching zone and the resulting near-inaccessibility no
direct optical observations could be carried out until now. The only optical observations
that were performed were from the outside of the jet looking in [2, 3, 4, 5]. In the present
study interfacial topologies are directly observed in the course of time and linked to the
corresponding temperatures and heat fluxes occurring at the plate.
Quite some concepts related to quench cooling have been defined in the literature,
sometimes with different names for the same concept. To be clear about the names
employed in this paper, the following list of definitions is given.
1. Quench or quenching: the process of transient, rapid cooling of a hot plate. In
metallurgy used to obtain specific microstructure and mechanical properties.
In loss of coolant accidents used to rapidly cool down reactor elements.
2. Rewetting: the process of establishing direct liquid contact with the plate
when a vapor layer is initially covering the plate. A contact line between
liquid, vapor and solid is established which is often called rewetting front.
This contact line can be moving. In rewetting, transition from film boiling
through a vapor layer to a heat transfer process between solid and a liquid
occurs.
3. Stagnation zone: the area on the flat plate just underneath the approximately
cylindrical water jet, with a diameter equal to the smallest diameter occurring
in the jet.
4. Partial wetting: gas-liquid interface topology stage with one or more contact
lines occurring in the stagnation zone.
5. Leidenfrost temperature: the wall temperature at which a drop that was
floating on a vapor cushion collapses and touches the surface.
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6.

Rewetting temperature, Trw: the temperature at which stable solid-liquid
contact is established during quench cooling; this temperature marks the onset
of rapid plate surface cooling. The rewetting temperature is the average
temperature at the top of the plate in the stagnation zone. This zone contains
not only wetted locations, but also parts in contact with vapor, as will be seen
in this paper. The rewetting temperature is sometimes named quenching
temperature. Alternative definition would be the minimum wall temperature
necessary for the existence of a stable vapor layer blanketing the surface of
the plate and then the rewetting temperature may also be called minimum film
boiling temperature. If the liquid has a homogeneous saturation temperature
and if flow is not affecting the gas-liquid interface, the minimum film boiling
temperature is equal to the Leidenfrost temperature.
7. Rewetting delay: the time between the start of cooling and the onset of
rewetting.
8. Thermodynamic limit of water superheating, Ttls: the maximum water
superheating that is possible at a given pressure. At atmospheric pressure, the
corresponding maximum temperature of the solid-liquid interface that is
possible without instantaneous vaporization of the liquid is 325 °C [6].
Instantaneous vaporization not necessarily occurs at temperatures below
325 °C [7]. At solid-liquid interface temperatures exceeding 325 °C, the
liquid is repelled from the hot surface and wetting or rewetting cannot occur
[8, 9]. Another phase limiting condition for water is of course the critical
temperature of 374 °C at a pressure of 22 MPa.
9. Plate superheating and jet subcooling: The plate superheating is the
difference between the plate temperature and the saturation temperature, Tsat,
at the prevailing system pressure, which is ambient pressure in our
measurements. Similarly, the jet subcooling is defined as the difference
between Tsat and the temperature of the impinging liquid jet.
Efficient cooling control at elevated cooling rates starts at the onset of rewetting.
Accurate knowledge of the rewetting temperature and the rewetting delay are therefore
essential to improve cooling models and to predict the cooling rate in so-called ultra-fast
cooling technology [3, 4, 5]. Rewetting parameters are carefully examined and quantified in
the present study.
One of these parameters, the rewetting temperature, T rw, was found to vary in a wide
range. In some water jet quenching [10] and reflooding [11] studies rewetting was found to
occur only at solid surface temperatures below 300 °C and 308 °C, respectively. Also,
analytical studies [12, 13] predicted rewetting interface temperatures ranging from 303 °C
to 325 °C. Nonetheless, a number of experimental studies [14‒20] have reported rewetting
taking place at surface temperature above 700 °C which even exceeds the critical point of
water. Karwa & Stephan [20], for example, reported a rewetting temperature of 650 °C for
a water jet subcooling of 75 °C, with a corresponding heat flux above 6 MW/m². Ochi et al.
[21] and Kokado et al. [22] claimed that rewetting takes place always if the water jet
subcooling exceeds 40 °C, regardless of the initial plate surface temperature. Although Hall
et al. [1] claimed that the high rewetting temperatures reported by Ishigai et al. [23], Ochi et
al. [21], and Filipovic et al. [8] should be considered as physically impossible, more recent
publications [21-28] have shed new light on the rewetting and Leidenfrost temperatures,
that helps to understand the wide range of Trw-values found. The mechanism of boiling
depends on a wide variety of physical process and material conditions [21-23], amongst
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which the presence of nano particles is one [24]. Such effects also occur during film boiling
[25-27]. Kim et al. [28] performed a most interesting study of the effects of surface
roughness height, wettability and nanoporosity on wetting. A nanoporous silicon oxide
surface made of silicon oxide nanoparticles was cooled by water droplets and the
Leidenfrost temperature could attain values as high as 453 °C on this surface, which is
higher than the critical temperature of water. The surface roughness has a big influence and
explains the spread in experimental findings of the rewetting temperature. Also in the
present study, the effects of surface asperities at the hot solid surface on rewetting will be
examined. Rewetting phenomena will be observed directly within jet impingement zone.
The rewetting temperature will be coupled to interface topologies by direct, optical
observation.
Under equal material plate surface conditions, process parameters may affect the
rewetting temperature and the rewetting delay. Wang et al. [4] concluded for water jet
quenching experiments of a hot steel plate (200 ‒ 900 °C), jet subcooling 13‒87 °C, that the
rewetting temperature is profoundly affected by the initial plate temperature, T i, and almost
unaffected by velocity and temperature of the jet. Takrouri et al. [5] quenched horizontal
tubes of 380‒780 °C with water to find that Trw is not affected by Ti but is strongly
dependent on jet subcooling (jet subcooling in the range 20‒75 °C). Nobari et al. [32]
proposed an empirical correlation for planar and circular water jets based on only the jet
subcooling. Piggott et al. [33] and Mozumder et al. [34] found the rewetting delay, trw, to be
a strong function of Ti and the jet velocity for jet subcoolings less than 30 °C, and not
occurring beyond. According to Agrawal et al. [18], the jet velocity has no influence on the
rewetting delay time but does affect Trw.
In the present experimental study of water jet impingement on a high temperature steel
plate, high-speed imaging (up to 20 kfps) is used to measure the interfaces within the jet
impingement zone from above, with an optical path that goes all through the impingement
jet. The plate was preheated at 300 °C to 900 °C and quenched by an 8 mm-impinging
circular water jet at temperatures ranging from 20 °C to 70 °C, with jet velocities of 1 and
3 m/s. Rewetting is observed directly and coupled to the solid surface temperature that is
reconstructed by solving the inverse heat problem for temperature histories measured in the
plate. The effects of subcooling, jet velocity and initial surface temperature on the rewetting
temperature and delay have been measured in this way. Empirical correlations for all
dependencies will be proposed.
Most interestingly, two types of bubbles have been found to occur, one of them even
simultaneously with the initial vapor film covering the solid surface. In order to unravel the
nature of these bubbles, a step-by-step approach will be followed in which first the
characteristics of vapor bubbles in our measurements will be assessed. Next, it will be
shown that the other types of bubbles do not exhibit these features and follow quite
different trajectories during moving above the hot plate.

3.2
3.2.1

Experimental set up and test procedures
Experimental set up with borescope

The main components of the experimental setup are schematized in Fig. 3.1-a. Normal
tap-water is stored in an open head tank in which the water temperature is controlled by a
thermostat controller. Water is pumped from the collecting reservoir to the head tank. An
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overflow tube kept the water level in the head tank constant, which ascertains a constant
pressure and a stable water jet at the nozzle exit.

Overflow

Temperature
control

Head tank

Data acquisition
system

Needle valve

Air vent

(b)

Automatic valve

Borescope
Water box
HS
camera 1

Led
lights

Nozzle
Water jet
Insulation

Plate
Pump

(a)

Thermocouples
Reservoir

Fig. 3.1 (a) Schematic of the test rig; (b) Schematic of cross section of a jet impinging on
test plate with thermocouples TC1, TC2, and TC3 located at a line, at various radial
positions in a single (r,y)-plane in a cylindrical coordinate system with axial coordinate y
and radial coordinate r.
The water was heated up by an electrical immersion heater and recirculated through
head tank, water box and reservoir until the desired temperature was reached everywhere.
The water jet temperatures were 20 °C, 50 °C and 70 °C (subcoolings of 80 K, 50 K and
30 K) with jet velocities of 1 and 3 m/s. The inner diameter of nozzle is 9.7 mm and the
nozzle is positioned centrally above the test plate surface. The water flow rate is set by a
needle valve. A high-speed camera, #2 (Fig. 3.1-a) captures images from the outside of the
jet at 300 fps.
The test rig described so far is fairly standard in quench cooling. The one thing that
discriminates our test rig from those of other researchers is the possibility to optically
observe interfacial phenomena through the liquid jet on the hot surface of the plate. To this
end, a borescope is mounted in a box that is fully filled with liquid. The borescope is
connected to the high-speed video camera #1 and is positioned centrally above the hole of
nozzle exit in a way that does not disturb the water jet stability. In this way, recordings
through the water jet yield top views from the jet impingement zone at a rate of 5 to
20 kfps. A series of LED lights surrounding the nozzle exit provide sufficient illumination
for this purpose. A cylindrical coordinate system is defined in which r is the radial distance
to the center of the jet and y the height above the surface of the plate. The y-direction is
given by –g/|g| if g denotes the gravity vector.
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3.2.2

Test plate

Fig. 3.1-b shows a cross section of a jet of 8 mm width and a test plate of
50 x 50 x 10 mm³, with 10 mm being the thickness of the plate. The impinging jet diameter
is similar to those used in actual hot strip mill cooling. The test plate material is made of
traditional austenitic stainless steel type 304 and this steel was chosen for two reasons.
First, because its resistance against high temperature oxidation on surface, which is ensured
by the formation of protective chromium oxide (Cr2O3) film [35]. This film is formed prior
to the quenching tests when 304 SS is heated in air to elevated temperatures [35]. Second,
to avoid a notable amount of heat generation, caused by phase transformation, as is
common in carbon steel. On the faces of the plate without jet impingement, 25 mm thick
thermal insulation with low thermal conductivity of 0.11 W/(m.°C) at 800 °C is mounted.
Three holes of 1.1 mm and 9 mm depth were drilled and checked with calipers. The
thermocouples TC1, TC2, and TC3 are located at a line at radial positions of 0, 9 and
18 mm from the center of plate, respectively, and at 1 mm below the top surface. The tip of
the thermocouple is placed 1 mm below the surface. The actual location of the sensing part
of the thermocouple is determined by cutting the thermocouple after its use in the
experiments and by measuring the distance to the tip of the thermocouple. Grounded
thermocouples Type-K, 1 mm in sheath diameter made of 304 SS (the same as test plate),
are used. High temperature thermal paste with conductivity of 70 W/(m.°C) was inserted
into the hole to insure good thermal thermocouple-plate contact. The thermal properties of
the 304 SS [36] are shown in Table 3.1.
Table 3.1Thermophysical properties of the 304 SS.
T (ºC) cp (J/kg.K) ρ (kg/m3) k (W/m.K)
27
127
327
527
727
927

447
515
557
582
611
640

7900
7859
7774
7685
7582
7521

15.2
16.6
19.8
22.6
25.4
28.0

The test plate was heated by a manually operated electrical oven (3 kW) placed over
the plate in the stationary quenching position underneath the borescope. The data
acquisition system simultaneously triggers the automatic valve, the high-speed camera,
LED lights and acquires and stores the data. The temperature histories of the three
thermocouples were measured at a rate of 50 Hz. The quenching tests were carried out at
the initial plate temperature, Ti, of 300, 450, 600, 750, and 900 °C. These are the
temperatures which are commonly used in hot strip mill cooling.
Before each experiment, the impinging surface was sanded with 320 grit sandpaper and
cleaned with acetone. The measured arithmetic mean roughness, Ra, at the impingement
zone surface and after a quenching test, was found to be in the range 0.11 to 0.18 µm, while
for a new plate it was 0.10 µm.
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3.2.3

Hydrodynamic parameters in jet impingement

Some hydrodynamic parameters are relevant in a heat transfer analysis of jet
impingement, such as the impinging jet velocity, Vj, jet diameter just before impingement,
dj, and stagnation pressure in the impingement zone, Pj. These parameters are listed in
Table 3.2 The inner diameter of nozzle of the water exit, dn, was 9.7 mm and the volume
flow rate of water exiting, Qn, was measured by collecting water in a container. The jet
velocity at the water exit follows easily from Vn = 4Qn/(dn2). The uncertainty of Vn was
δVn / Vn= ± 3 %. The impinging jet velocity follows from Vj = √Vn2 + 2gH, where H is the
height of the nozzle exit to the plate and g the acceleration of gravity. The jet diameter is
then given by dj = dn √Vn /Vj . The stagnation pressure is the sum of the ambient pressure
of 101 kPa and the part related to the impinging jet velocity: ρVj2/2.
Table 3.2 Hydrodynamic parameters at stagnation point (r = 0, y = 0).
Qn
dn
dj
Vj
(ℓ/min) (mm) (mm) (m/s)
3
9

9.7
9.7

8
8

1
3

Pj
Tsat
(kPa) (°C)
102
106

100
101

Heat transfer in jet impingement cooling of steel plates is strongly dependent on how
water flows over the surface, which will be seen to affect the dynamics of the rewetting
front. For this reason, jet impingement hydrodynamics on an unheated flat surface are
briefly described. As the circular free-surface jet impinges onto the surface, the flow is
spreads out radially outward. The pressure is maximum at the stagnation point (r = 0) and
decreases monotonically to the ambient pressure at about r / dj ≈ 1.28 [29]. Based on
studies of Stevens and Webb [37, 38, 39], profiles of the normalized radial velocity, Vr/Vj,
across the liquid layer are given for several radial positions in Fig. 3.2.
It turns out [30] that the radial velocity gradient is insensitive to jet diameter and
nozzle-to-plate spacing for 2.1 ≤ dj ≤ 23 mm and y/dj ≤ 4. Deceleration of the approaching
jet start at about y/dj ≤ 0.5 and the radial velocity gradient vanishes near y/dj = 0.5. Radial
velocities in the stagnation region (0 ≤ r/dj ≤ 0.5) were found to be well represented by the
correlation
Vr
y r
= [1.83 − 3.66 ( )]
(3.1)
Vj
dj dj
For r/dj < 2.5, the maximum radial velocity did not occur at free surface but in the layer
very near the plate surface (y/dj ≈ 0.02) [29]. The maximum radial velocity exceeds the
impinging jet velocity (Vj), in some cases by about 30 %. The normalized free-surface
velocity, Vs/Vj, was correlated according to
2

Vs
r
r
= 0.303 + 0.625 ( ) − 0.125 ( ) ,
Vj
dj
dj

0.5 ≤ r⁄dj ≤ 2.86

(3.2)
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and
Vs
r
= 1.33 − 0.0936 ( ) ,
Vj
dj

2.86 ≤ r⁄dj ≤ 14

(3.3)

These expressions were developed for Reynolds numbers in the range
17,000 < Re < 47,000 and 2.1 < dj < 9.3 mm. The liquid layer thickness, hj, is estimated by
hj
1
1
1
)(
)
= ( )(
dj
5.3 r⁄dj Vs ⁄Vj

(3.4)

TC1 is located at the stagnation point (r/dj = 0) where the radial velocity is zero, while
on TC2-position (r/dj = 1.12) the radial velocity can be about 20% higher than Vj near the
surface (y ≈ 0.2 mm). On TC3-position (r/dj = 2.25) the radial velocity is less than that at
TC2-position but it is about 10 % larger than Vj, still.

Vj

5

dj
Stagnation point

Free surface

4

Height, mm

Plate
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Free surface
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Fig. 3.2 Profiles of the normalized radial velocity, Vr/Vj, in the liquid layer depth at various
radial positions.
3.2.4

Uncertainty Analysis

The primary parameters are r m, ym, t, Tm, Tj, and k that respectively represent radial
coordinate of thermocouples numbered m as measured from the center of the plate, axial
coordinate of thermocouples measured from the bottom of the plate, measured time,
measured temperature, water jet temperature, and thermal conductivity. The measurement
errors of these parameters and propagation of these uncertainties to the calculated surface
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heat flux, qs, are presented in Table 3.3. All uncertainties (measured and calculated) in
Table 3.3 are within 95 % limits and are analyzed according to criteria suggested by Taylor
[40]. These criteria take errors in measurement, calibration, machining and measuring
devices into account. The uncertainty in Vj is 3 %.
For the temperature measured internally in the plate, Tm, sheathed grounded K-Type
thermocouples have been used that provided a calibration accuracy of ± 1.1 °C or ± 0.4 %
of reading (ASTM E230), whichever is greater, with uncertainties within 99 % limits. As
the test temperatures were 300 – 900 °C, the relative value of ± 0.4 % produces a greater
uncertainty in measured temperatures than ± 1.1 °C and was therefore selected for the
uncertainty analysis. The data acquisition system produces a mean error of ± 0.17% within
99 % of confidence level. Combining the uncertainties of thermocouple and data
acquisition system, the total uncertainty of temperature measurement system was ± 0.43 %
within 99% limits or ± 0.30 % within 95% limits. Although uncertainties in the
thermocouple depths were small, the effect of these measurements on calculated heat fluxes
and surface temperatures is significant. Thus, special care has been taken on the real
temperature reading position in the plate, because an error in the reading position of for
example 0.6 mm in depth would result in an error of 60 % in the maximum heat flux on the
quenching surface. The top sheath thickness where the hot joint is grounded inside the
thermocouple shielding may vary from 0.1 to 1.0 mm, depending on the manufacturer. To
ensure a high accuracy in the heat flux, the thermocouples were opened after the tests and
the top sheath thickness was measured. The measured temperature histories all combine to
determine the accuracy of the heat flux in the reconstruction that will be described in the
next section. The heat diffusion of the material around the measuring junction is the same
as that of the steel plate and the distance of the measuring junction to the surface is
precisely known by cutting the couple after the experiments. For this reason, the calculated
relative uncertainty of the surface heat flux at the top of the plate in the impingement zone
is ± 5 %.
The plate is heated and covered by a heater until the very last moment prior to the
measurements. Directly after withdrawal of the cover, the top surface cools at rate of 2
°C/s. After touchdown of the jet, the cooling rate is about 400 °C/s, which implies that the
contribution by natural convection is less than 0.5 % at times relevant to our analysis.
Table 3.3. Uncertainties.
Quantity
rm
t
k
ym
Tm
Tj
qs

Uncertainty
δrm = ± 0.05 mm
δt = ± 0.01 s
δk / k = ± 6 %
δym = ± 0.05 mm
δTm / Tm= ± 0.3 %
δTj = ± 2°C
δqs / qs = ± 5 %

Measured

Calculated
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3.2.5

Inverse heat conduction analysis

A commercial inverse heat conduction program, INTEMP, was used to predict the heat
ﬂux and temperature distribution along the quenching surface from temperature histories
measured with thermocouples inserted in the test plate. INTEMP has been applied
successfully in several quenching studies [14, 41‒44] and it allows the thermal properties of
material to vary with temperature in each finite element. This is an important characteristic
because it avoids errors up to about 20 % in estimating the surface heat flux for the fast and
big temperature changes occurring in quench cooling [13]. Temperature-dependent thermal
properties of 304 SS, shown in Table 3.1, were used in the present analysis. INTEMP uses
the dynamic programming method to solve the nonlinear inverse heat conduction problem
with the finite element method. It uses the Crank–Nicolson formulation to solve the heat
conduction model, together with a regularization term used to minimize the error in
estimated fluxes. The temperature boundary condition at bounding surfaces other than the
top of the plate is prescribed. The surface heat fluxes assumed at the top of the plate are
subsequently modified by a nonlinear optimization technique to minimize the error between
the measured temperatures and the predictions. Convergence is reached once the heat flux
reaches the optimum value. The methodologies of modeling and computations were
detailed by Trujillo and Busby [45].
Zone 1
5 mm

Zone 2
9 mm

Zone 3
11 mm

1 mm

TC1

TC2

TC3

4 mm

7 mm

r = 9 mm
r = 18 mm

y

6 mm

r
r = 25 mm

Fig. 3.3 2D axisymmetric finite element model divided into three unknown heat flux
monitoring zones on top of the plate surface and location of thermocouples TC1, TC2, and
TC3 are indicated by red dots.
A 2D axisymmetric finite element model was used for the analysis of the data of the
present study. The model had 25 mm radius, 10 mm thickness with 600 and 1000 quadratic
elements of 0.5 x 0.5 and 0.5 x 0.2 mm², respectively, with 4-nodes per element as showed
in Fig. 3.3. The small elements of 0.5 x 0.2 mm² filled the first 4 mm from the top surface
with thinner elements in the vertical direction, because of the faster response that is needed
close to quenching surface. The faces of the plate without jet impingement were considered
adiabatic, since the radiation and free convective heat transfer rate at those surfaces are
much less than the one at the impinging side. The impingement surface was divided into
three unknown heat flux zones: r1 = 0 to 5 mm (Zone 1); r2 = 5 to 14 mm (Zone 2); r3 = 14
to 25 mm (Zone 3). The measured temperature histories are given as input at the nodes
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corresponding to the positions of the thermocouples TC1, TC2 and TC3 located at 1 mm
from top surface at radial position of r = 0, 9, and 18 mm, respectively.
The performance of this model was validated with the aid of another commercial finite
element analysis software, ANSYS. For some typical test cases, the surface temperatures
calculated by the ANSYS model were compared to those predicted by the INTEMP model.
The mean disagreement found between these results was 0.01%.

3.3

Results and discussion

The organization of this section is as follows. First, observations of the classical type,
from outside the jet, are presented and analyzed, in sections 3.3.1 and 3.3.2. Next, the novel
observations of interface topologies, including those occurring in boiling and rewetting, via
top view images within in the jet impingement zone, are presented, in section 3.3.3.
Sections 3.3.4 and 3.3.5 elucidate the mechanisms causing rewetting and quantify the
related temperatures and delay times.
3.3.1

Visual observations of the jet quenching experiment from outside the jet

The sequence of snapshots of a jet quenching experiment for Ti = 896°C and Tj = 20°C
of Fig. 3.4 shows the growth of the wetted region. The plate surface initially at 896°C
(t = 0) becomes covered by an insulating vapor blanket (film boiling) just after the jet has
impinged on its surface (t = 0.06 s). The liquid moves smoothly over the vapor blanket
without splashing. This area with the vapor film appears as a blurry whitish background, a
‘milky region’, from the outside for a reason that is not clear ‘a priori’.
Observations of the section 3.3.3 are necessary to couple this milky region to violent
bubble nucleation and transport processes. A small darker zone can be observed at
t = 0.27 s under the jet indicating that the solid-liquid contact (rewetting) has taken place
and that this region is wetted. Within this region the regime changes from film to nucleate
boiling. Outside this small region, the surface is dry and a vapor blanket (milky region)
occurs. After rewetting has started the wetted region grows fast moving radially outward
(t = 0.38 s). At the outer periphery of this region, light is reflected at the curved vaporliquid interface near the contact line, which results in a white narrow band that demarcates
the frontier between wetted and dry zone, named rewetting front. The free-surface on top of
the liquid flow appears smooth and shiny, without visible evidence of boiling activity
within the wetted region (t = 0.44 s). Even though this visible absence of bubbles was
reported in other studies [1, 20, 14], top view images from within the jet will in the present
study, in section 3.3.3, clearly show vigorous boiling activity. Outside of the wetted region,
the outgoing water is deflected upward from the surface in the form of a thin sheet which
eventually breaks up due to surface tension.
This deflection, a kind of spattering away, was also observed in other jet quenching
experiments [1, 20] and was attributed to vigorous vapor production at the rewetting front
location. The rewetting front velocity, Vrw, decreases as the wetted zone grows radially
outwards as demonstrated in Chapter 2, section 2.3.1. The same behavior was also observed
in other studies [46, 20, 19]. Note that the wetted zone diameter enlarges from about 16 mm
(t = 0.38 s) to 44 mm (t = 0.68 s) in just 0.30 s, i.e. a radial advance of 14 mm. After long
period of 1.52 s (t = 2.20 s) the wetted zone diameter becomes about 46 mm, i.e. a radial
advance only of 1 mm. This sudden drop in velocity is explained from the heating and
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thinning (Fig. 3.2) of the water film while it moves radially outwards: it loses its ability to
condense vapor at rewetting front edge. The free-liquid layer thickness, h j, reduces from 1.6
to 0.6 mm at radial positions 9 and 18 mm, respectively (section 3.2.3).
t=0

10 mm

t = 0.06 s

t = 0.27s

t = 0.38 s

t = 0.44 s

t = 0.68 s

t = 0.83 s

t = 2.20 s

Fig. 3.4 Example of history of growth of the wetted region; T i = 896 °C and Tj = 20 °C.
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3.3.2

Typical cooling curves

Fig. 3.5-a shows temperature histories measured by thermocouples located h = 1 mm
under the top plate at positions r = 0, 9 and 18 mm, for Ti = 900 °C, jet subcooling of 80 K
and Vj = 1 m/s. Time at the onset of cooling by jet impingement is set to zero.
900

Measured Temperature

Temperature, °C

800

Ti = 900°C
r = 9 mm

700

r=0

600

ΔTsub = 80K
Vj = 1 m/s
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(a)
400
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(b)
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1

0

0.01

0.1

1
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Fig. 3.5 Measured and calculated cooling curves for Ti = 900°C, ΔTsub = 80K, and
Vj = 1 m/s: (a) measured temperatures histories at r = 0, 9, and 18 mm and at 1 mm below
top surface; (b) Histories of calculated surface heat flux above the measuring points.
At this time, all the cooling curves coincide. Only low heat losses occur prior to this
time, mainly by radiation and convection to the ambient; the resulting rate of temperature
decrease amounts to 2 °C/s. About 0.1 s after the jet hit the surface, a sharp drop in
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temperature is observed at all measurement positions. This delay is due to the measuring
position of 1 mm below top surface and the corresponding Fourier number,
Fo = k.ρ.t / (cp.L2), is about 0.6. Here cp, k, ρ, t, and L are specific heat (J/kgK),
conductivity (W/mK), time (s), and characteristic length (m), respectively. The measuring
position of 1 mm below top surface was considered as characteristic length.
The temperature drops less pronounced at r = 9 mm than at r = 0 due to its greater
radial distance from stagnation point, where the cooling intensity is larger. The smallest
cooling rate occurs at r = 18 mm when the surface is not wetted, dry, and the cooling occurs
by radiation and vapor convection mainly. At about 1.2 s at this surface location a
remarkable increase in the cooling rate occurs when this spot becomes wetted by to arrival
of the rewetting front. This phenomenon can be observed in Fig. 3.4.
The radial distribution of calculated surface heat flux as a function of time is shown in
Fig. 3.5-b. Initially, an insulating vapor blanket covers the surface and the heat flux is low.
The wetted zone increases with the advancement of the rewetting front, as observed in
section 3.1. After rewetting front arrival, the heat flux increases up to reach its maximum,
qmax. Once the maximum heat flux is reached, all heat flux curves decrease with about same
slope. The time when heat flux is at maximum marks the time when nucleate boiling
regime occurs at all locations of the plate surface. After that time, all heat flux curves
decrease with about same slope because the same boiling regime occurs at every radial
positions, yielding about the same heat transfer coefficient anywhere. The heat flux peaks
occur at different times at the radial positions of 0, 9, and 18 mm due to the delay in
rewetting front arrival. Section 3.3.5 will couple temperature and heat flux to interface
topologies also at times far after rewetting.
3.3.3

Film boiling, transition, rewetting, and nucleate boiling

The topology of vapor-liquid-solid interfaces during quench cooling by a circular water
jet depends strongly on the initial surface temperature, T i, jet subcooling, ΔTsub, impinging
jet velocity, Vj, and quench surface conditions. Rewetting by definition occurs when a gasliquid-solid contact line is formed. The following sections present and analyze top views of
the jet impingement zone on a highly superheated steel surface, allowing the interpretation
of new interface topologies that for the first time have been observed. Film boiling regime
was observed prior to rewetting for initial plate temperatures of 450 °C to 900 °C, even for
a high jet subcooling of 80 K. Rewetting occurred for Ti = 300 °C without any vapor
blanket formation. Rewetting also occurred at surface temperatures above the critical point
of 374 °C, for initial surface temperatures from 450 °C to 900 °C. In all cases, a vigorous
production of vapor bubbles was observed within the wetted zone; this is clearly nucleate
boiling. In the following, the case of the lowest T i (300 °C) is considered first, followed by
that of the highest Ti (900 °C).
A. Nucleate boiling at low plate temperature (300 °C)
Some typical results of a test for Ti = 300 °C and Tj = 20 °C are show in Fig. 3.6. The
side views are artists impressions based on recordings by the side-view camera, HS-camera
2 in Fig. 3.1. The top views are as far as the authors know the first recordings ever of
nucleate boiling during quench cooling of a horizontal plate. Surprisingly, the hot surface
becomes completely wetted as the jet touches down on it. No vapor film is formed, despite
the superheating of 200 °C. It is important to note that the side-view camera did not show a
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milky region such as the one shown in Fig. 3.4 which makes clear that no vapor film is
formed in this case with Ti = 300 °C. The non-existence of a vapor film at the plate is easily
explained because the surface temperature, 300 °C, is below the thermodynamic limit of
water superheating, Ttls, of 325 °C [6]; at temperatures exceeding Ttls a fluid undergoes
instantaneous vaporization at atmospheric pressure [7]. Experiments like the one of Fig. 3.6
suggest that in quench cooling immediate rewetting is bound to occur on surface
temperature below Ttls. Experiments to show that a vapor film is formed before rewetting
will be discussed in the following section B; see also section 3.3.1.
Just 0.05 ms after the jet has impinged on the surface (stage I in Fig. 3.6), an inner
circular wetted area exist surrounding by a white narrow band of the rewetting front, as
explained in section 3.3.1. At the outside edge of the wetted region, the water is deflected
from the surface in a thin sheet (spattering) which eventually breaks up due to surface
tension. After 2.8 ms (stage II), the photograph reveals the existence of nucleate boiling;
many vapor bubbles are growing at first and collapsing when coming in contact with cool
jet liquid in a later stage.
a

I

II
t = 0.05 ms

Spattering

Wetted area

t = 2.80 ms

Jet edge

b

1 mm

Fig. 3.6 Jet quenching of a surface at Ti = 300°C and water jet at Tj = 20°C. Left: stage I,
the jet touches the surface at 300°C without film boiling; right: stage II, just 2.8 ms after jet
impingement. The artist impressions are side views of the jet top views measurements.
Bubbles of various sizes are observed and through the bigger bubbles the dry plate area
of the bubble foot can be seen. It is well known that the bubble shape acts as a lens that a
view from the top enables the observation of the dry plate area of the bubble foot in
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nucleate boiling [47]. It is even possible to discern in Fig. 3.6 the individual LED light
bulbs via strong reflections near the contact line of a bubble; the enlargements of Fig. 3.7
show these light bulb reflections very clearly. The recordings of Fig. 3.7 are for Ti = 450 °C
and Tj = 50°C, just 0.53 s after the jet impingement.
The light bulbs are arranged in a circle with the jet in the center, which causes the
reflections to occur all along the circumference of the circular contact line of a bubble near
the jet center. It is obvious that the curvature of the vapor-liquid interface changes strongly
near the contact line, which causes strong light reflections there. The reflections of the LED
lights therefore prove the existence of contact lines and boiling bubbles. Initially, bubbles
are generated at the plate such that condensation occurs at the top of the bubble that is in
contact with fresh approaching water at 20°C. The continual condensation transports heat
from the plate to the liquid in between bubbles and because of that a bubble boundary layer
with increasing mean temperature develops. As a result, the mean bubble size increases
over time, which is observed in top view on the RHS of Fig. 3.6. Boiling bubbles are found
to collapse by condensation after a sudden initial growth, as shown in Fig. 3.7, and bubble
lifetime is in the range 0.3 to 2.25 ms. This growth and collapse cycle occurs as a rule.

Fig. 3.7 Typical life cycle of a vapor bubble during nucleate boiling in jet quench cooling:
growth and subsequent collapse by condensation in the subcooled jet, for Ti = 450°C and
Tj = 50°C, at t = 0.53 s after the jet impingement. Note the reflections of the individual
LED lights near the contact line.
Summarizing, boiling bubbles observed from above can be recognized from a dark
interior and reflections at the contact line and the observations of Fig. 3.6 prove that
nucleate boiling occurs during quench cooling for T i = 300 °C and Tj = 20°C. The
occurrence of boiling bubbles is critical for heat transfer models in jet quenching, because
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the existence of bubbles do alter the liquid film flow and convective heat transfer as
compared to cooling without boiling. The occurrence of boiling is not confirmed by other
experimental studies that could not realize nor utilize top views [2, 19, 20]. Karwa &
Stephan [20] reported wetted surface at 650°C without boiling activity, for a jet at
Tj = 25°C and surface heat flux above 6 MW/m². Lee et al [19] also reported absence of
bubbly activity within wetted zone for an initial test plate temperature of 900°C cooled by
round water jet at 20°C. These authors argue [19, 20] that the jet velocity and subcooling
could suppress the bubbly activity in wetted region. In the measurements here performed
with direct visual inspection this is not the case.

B. Film boiling and bubble formation at high plate temperature (900 °C)

I

II

III

IV

t = 0.12 s TS = 887°C

t = 0.21 s TS = 827°C

t = 0.27 s TS = 800°C

t = 0.38 s TS = 703°C

Top view

Side view

a

b

5 mm

c

1 mm

d

Fig. 3.8 Images from top and side views of jet impingement zone during quench test
(Ti = 896°C; Tj = 20°C; Vj = 1 m/s). Stages: (I) degassing on top of film boiling, (II) onset
of rewetting, (III) rewetting front, and (IV) nucleate boiling.
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Heat transfer phenomena occurring during the early times of the jet quenching process
for a surface at Ti = 896°C and jet temperature at Tj = 20°C shown in Fig. 3.4 are revealed
by the corresponding top views shown in Fig. 3.8. In order to facilitate the understanding of
interface topologies, Fig. 3.8 gives both the “Side view” (upper part) and the corresponding
“Top view” (bottom part). The rewetting process is elucidated by the consecutive stages I
to IV. The sketches “a” and “d” provide an interpretation of the phenomena observed in
photographs “b” and “c”, taken from the movie.
Directly after touchdown of the jet (t = 0), part of the water becomes vapor and a
continuous vapor film is formed. This continuous vapor layer remains uninterrupted for
more than 0.20 s. After t = 0.12 s (Stage I-a) the surface temperature drops only 9 °C
(Ts = 887 °C) due to the thermal insulation of vapor film. The liquid-vapor interface of the
film reflects light irregularly and creates the milky appearance in the side-views (Stage I-b).
This vapor film was observed in all tests for initial surface temperature of 450°C to 900°C.
It is remarkable that water jet quenching experiments [16‒19] reported absence of vapor
film blanketing at an initial plate temperatures exceeding 700 °C, even at an initial
temperature of 1000 °C [17].
Note that the interface topologies observed in top view from Fig. 3.8, stage I-c, do not
occur at the low temperature of Fig. 3.6: 300 °C. The existence of whitish bubbles, without
a dark interior, is revealed in Fig. 3.8-c & d at stage I. These whitish bubbles are found to
keep on moving quite hectically, without reducing in size, while sometimes agglomerating
without coalescing. These bubbles are visible until they move out of the observable
impingement zone. These bubbles therefore never condensed despite the fact that they are
moving in highly subcooled liquid that is continually refreshed from the top. This, and
arguments given below, leads us to believe that these are bubbles filled with inert gases, so
are effervescence bubbles, although there is no direct proof of that. To verify this
assumption, we have varied the gas content of the impinging water jet in a subsequent study
in order to examine its effect on mean size of the white bubbles. Indeed we found such an
effect, which supports the above supposition of effervescence bubbles rather than boiling
bubbles. For sake of conciseness details of this follow-up study will be given in chapter 5
which will be a subsequent manuscript [48]. Within wetted regions no “gas” bubbles have
been observed.
A comparison between the behavior of “gas” bubble and vapor bubble can be made
with Fig. 3.9 and Fig. 3.10, for the same experiment with Ti = 600°C and Tj = 50°C.
Fig. 3.9 shows successive photographs of many “gas” bubbles constantly moving during
5.8 ms, never condensing, and some agglomerating. The zoomed-in images of two “gas”
bubbles, at t = 4.6 and 10 ms, suggest they are made up of a cluster of smaller “gas”
bubbles. Apparently coalescence is prohibited by some physical mechanism, like
Marangoni convection or long liquid film drainage times. At 0.12 s after jet impingement
(see Fig. 3.10), the surface becomes completely wetted without the presence of “gas”
bubbles, but with a multitude of vapor bubbles connected to the surface, increasing in size
and subsequently collapsing, with lifetimes less than 0.6 ms, which can be recognized from
a dark interior and reflections at the contact line [47]. The bubbles are recognized as vapor
bubbles in the same way as in section 3.3.1 above. The rewetting period is further
considered in sections C and D below.
Whatever the gas fraction of the whitish bubbles, they appear to be living on top of a
vapor film without coalescing with it. This in itself is quite remarkable since the highly
subcooled water is pouring down at impinging velocity of 1 m/s onto bubbles and film. The
non-coalescence can be explained from the fact that the water-vapor interface is mobile and
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adjusting under the approach of a bubble. Thus, this interface acts as a kind of skating
surface for “gas” bubbles that are pressed onto it. The vertical motion is converted into a
sideways motion, which also explains the erratic motion of the white bubbles in all kinds of
directions. Another possible mechanism to prohibit coalescence is the agency that also
prohibits coalescence of the cluster of bubbles in Fig. 3.9, discussed above. As far as the
authors know, the present study is the first one that reports “gas” bubbles occurring on top
of a vapor film in quench cooling.

t=0

1 mm

0.8 ms

1.0 ms

1.8 ms

1.2 ms

1.4 ms

1.6 ms

2.0 ms

2.2 ms

4.2 ms

5.0 ms

5.8 ms

t = 10 ms

t = 4.6 ms

0.1 mm

0.2 mm

Fig. 3.9 Top view images for Ti = 600 °C and Tj = 50 °C, just 6.6 ms after jet impingement.
The first figure depicts the erratic motion (red lines) of two “gas” bubbles (red bullet) until
they get out of the visible zone based on the top view images that follow underneath. The
bubbles are put inside red dashed circles. The magnified images at t = 4.6 and 10 ms show
that the two “gas” bubbles are essentially a cluster of smaller “gas” bubbles, at these times.
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t=0
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0.2 ms

0.4 ms

0.6 ms

0.8 ms

1.0 ms

1.2 ms

1.4 ms

1.6 ms

Fig. 3.10 Top view images for Ti = 600°C and Tj = 50°C, at t = 0.12 s after the jet
impingement: Vapor bubbles occur in the wetted zone with growth and condensation into
the subcooled water. Note the reflections of the individual LED lights near the contact line.
C. Rewetting mechanisms
A continuous film boiling covering the visible impinging zone is observed during the
first 0.21 s after the jet impingement, as shown in Fig. 3.8-c, stage II. Then, a small darker
area appears at the center, surrounded by a white narrow band, indicating that solid-liquid
contact (rewetting) took place. This white band is clearly visible in the top view image in
Fig. 3.8-c, stage II and demarcates the rewetting front, as explained in section 3.3.1 and
shown in Fig. 3.4. Within this wetted region nucleate boiling occurs and outside of it the
surface remains dry and covered by a vapor film with many “gas” bubbles still existing on
top of it. The white narrow band demarcates the rewetting front as explained in section
3.3.1 and shown in Fig. 3.4. The onset of rewetting occurs at a surface temperature of
Ts = 827 °C, which is well above the water critical point, Tcr, of 374 °C. For all experiments
from Ti = 450 °C to 900 °C and jet temperature Tj = 20 °C to 70 °C, rewetting occurs at
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surface temperatures above Tcr. This result is in line with Chapter 2 and several jet
quenching experiments [16‒20, 29] that also reported rewetting at surface temperatures
above Tcr. The wetted area increases in time as the rewetting front advances outwards
(Fig. 3.8-c, stage III) until the impingement zone is completely wetted at t = 0.38 s
(Fig. 3.8-c, stage IV). Many vapor bubbles, growing and condensing, are observed within
the wetted region (stage IV-c), where the mean surface temperature is T s = 703°C and
surface heat flux is about 6 MW/m². No “gas” bubbles were observed within this wetted
region. The topology of rewetting is examined in section D below.
D. Plate surface topology and its relation to rewetting
The outer surface morphology of the continuous chromium oxide film grown on the
test plate heated at 900°C in air by scanning electron microscope (SEM) recordings is
shown Fig. 3.11. The test plate material was austenitic stainless steel (SS) type 304 with
high chromium content (18-20%) that is traditionally known for its resistance against high
temperature oxidation on surface. This resistance is ensured by the formation of protective
chromium oxide (Cr 2O3) film [35]. Fig. 3.11-a shows a global view of the oxidation surface
morphology with the presence of a large element of spongy texture with height about
30 µm. This element may be the result of the combustion of residual elements on surface
during the heating of the plate. Many others types of large elements were also observed on
heated surface such as the “sand rose” shown in Fig. 3.11-c. The chromium oxide film is
constituted of little, regular Cr 2O3 crystal grains, as shown in Fig. 3.11‒b. Those crystals
are formed when 304 SS is heated in air to elevated temperatures [35].
b

a

20 µm

Fig. 3.11 Outer surface of the chromium oxide film grown on test plate during the heating
process at 900°C: (a) Global view of oxidation surface morphology with the presence of a
large element of spongy texture; (b) detail view of surface chromium oxide crystals that
constitute the oxide film on the plate surface; (c) “sand rose”.
The surface morphology shown in Fig. 3.11 has cross sections such as those in
Fig. 3.12. A thin layer of chromium oxide covers the surface and has a thickness of about
1 – 2 μm (Fig. 3.12-a), with peaks reaching heights of 4 µm or more. Fig. 3.12-b shows
cross-section of a porous element with a height of about 12 µm. Measurements revealed a
total height roughness, Rt, of 5 µm. The expected vapor film thickness ranges from 3 to
5 µm for a round jet of 10 mm at 20°C impinging on 1000 °C stainless steel plate [17]. The
surface asperities may therefore easily penetrate the vapor film and interacts with the
flowing liquid, consequently, cool down more rapidly than the remaining solid surface
since they act as a kind of micro-fin on top of the solid material underneath. The
hydrophilic nature of the solid facilitates wetting and film penetration if cooling of the
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asperities is sufficient. The cavities created by Cr 2O3 crystals and the porous-spongy texture
of the large particles, with a high wettability and a high heat transfer area, facilitate
rewetting, even at high mean surface temperatures. This wetting may initiate full wetting of
a part of the substrate at a scale visible from the outside.

b

a

2 µm

Plate

Chromium
oxide layer

10 µm

Plate

Chromium
oxide layer

Fig. 3.12 Test plate heated at 900°C in air: a) cross-section of the plate surface overlaid by
chromium oxide layer about 1 – 2 μm with peak and valleys; b) cross-section of the plate
surface overlaid by chromium oxide layer with the presence of a porous element 12 µm
high.
Since the thermal conductivity of oxides is much lower than that of metals, in the
literature [8] it was speculated that rewetting could occurs on oxide surface sufficiently
cold below of Ttls while the surface of the metal would be at a high temperature above the
water critical point. The conductivity of chromium oxide (3.1 W/(m.K)) is about 10 times
lower than that of the test plate. The chromium oxide layer thickness was estimated ranges
from 1 to 3 μm for Ti = 900 °C as shown in Fig. 3.12. For lower Ti = 450 °C to 750 °C
oxide layers are observed to be thinner due to both lower temperature and the exposure
time in an oxidizing atmosphere. The effectiveness of the oxide layer as a thermal insulator
is easily examined as follows. The measured rewetting heat flux, q rw, and rewetting
temperature, Trw, enable an estimate of an effective heat transfer coefficient, h. To
determine the Biot number, the oxide layer thickness is taken as the characteristic length, L,
ranging from 1 to 3 µm, and h = qrw/(Trw‒Tj). For Trw = 600 °C, Tj = 20°C, and
qrw = 0.4 MW/m2 the Biot number ranges from 2.2x10-4 to 6.7x10-4 with the temperature
drop across the oxide layer from 0.13 °C to 0.39 °C, respectively. For T rw = 738 °C,
Tj = 20°C, and qrw = 0,96 MW/m2 the Biot number ranges from 4.3x10-4 to 13x10-4 with the
temperature drop across the oxide layer from 0.31 °C to 0.93 °C, respectively. For
Trw = 827 °C, Tj = 20°C, and qrw = 2.9 MW/m2 the Biot number (Bi) ranges from 17x10-4 to
35x10-4 with the temperature drop across the oxide layer from 0.94 °C to 2.81 °C,
respectively. Therefore, since Bi << 0.1 and the temperature drop across oxide layer is very
small, the quenching surface acts as a lumped surface and the oxide layer clearly is a
negligible thermal barrier. Although it is clearly demonstrated that the drop in temperature
through the oxide thickness is insignificant, an increase of this drop is noticed with the rise
of the Trw.
A sequence of events of jet quenching with some deposited on the plate for T i = 900 °C
and Tj = 20 °C is shown in Fig. 3.13. After a brief period of film boiling (t = 0.02 s), the
rewetting starts (t = 0.23 s) not only in the center but also at the side (red arrow), exactly on
porous dirt deposits. Contrary to what has been observed in Fig. 3.4, where the wetted
region grows radially outward, there is no rewetting front progressing from the center.
Instead there is “local” rewetting at several patches where deposits occur. Rewetting starts
at higher points on the surface. This has been further investigated by depositing a set of
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lines of carbon powder on the plate before the quench test (see Fig. 3.14). Fig. 3.14 shows
that in this case rewetting starts on the powder and Fig. 3.15 shows that rewetting starts on
spot corrosion where surface is rougher and more porous.

Fig. 3.13 Sequence of events of jet quenching with depositions occurring on the plate;
Ti = 900°C and Tj = 20°C.
The conclusion of the above findings is, that rewetting starts at plate asperities that
either result from the oxidation process or from dirt and other irregularities. There is
confirmation of these findings in the literature. Based on experiments, Bui and Dhir [49]
and Sinha et al. [50] found that increased roughness or oxidation or deposition on the plate
surface increases the rewetting temperature in quench cooling. They explained this by the
increase in surface wettability and number of nucleation sites due to roughness, porosity
and pitting of the oxide layer. Also, the spongy texture of oxides would increase the heat
transfer area. Filipovic et al. [8] suggested that asperities may protrude through the thin
vapor layer interacting with liquid, inducing a change from film boiling. Our experiments
confirm these explanations.
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3.3.4

Effect of initial surface temperature and subcooling on rewetting

Rewetting phenomena are encountered in many manufacturing processes involving
quenching, such as strip steel on a run-out table, continuous castings, extrusions, forgings,
and in nuclear reactor safety measures. In hot strip rolling mills, where cooling rates and
final temperature ensure its mechanical properties, rewetting is the key requirement for the
cooling device. Efficient cooling control with elevated cooling rates requires accurate
prediction of the onset of rewetting in terms of temperature and time [3‒5, 8, 17, 18, 30‒34,
50]. The following analysis leads to a set of correlations that can be used in practice.

Fig. 3.14 Snapshots of the onset of rewetting firstly on lines of carbon powder (graphite)
where surface is more porous for Ti = 450°C and Tj = 20°C

Fig. 3.15 Snapshots of the onset of rewetting firstly on spot corrosion where surface is
rougher for Ti = 900°C and Tj = 20°C.
A typical cooling curve with corresponding flow patterns and boiling regimes are
shown in Fig. 3.16; Ti = 751°C, ΔTsub = 80K and Vj = 1 m/s. Images A through to E show
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the successive stages of flow boiling regimes with names that denote the most striking
feature: film boiling, transition, maximum heat flux, nucleate boiling, and single-phase
flow. Film boiling still occurs on the surface 0.02 s after quenching has started (image A)
and the surface temperature, Ts, of 751°C remains about unaltered due to the low heat
transfer across vapor layer.
The red dashed circles highlight some of many gas bubbles present during film boiling.
Rewetting occurs at trw = 0.11 s when surface temperature, Ts, is 738°C where two wetted
spots (red dashed circles) are seen in image B. Note that rewetting did not occur at the time
of a sharp rise in heat flux but later already at a time when the rewetting heat flux (q rw) is
1.1 MW/m². Image C shows the wetted area increasing with the advancement of the
rewetting front outwards (red dashed line). Intense bubbly activity is observed within the
wetted area while outside this area the gas bubbles still remain on top of the vapor film,
with Ts = 711 °C and qs = 2.4 MW/m². The maximum heat flux, qmax, of 5.0 MW/m² occurs
at t = 0.30 s and Ts = 574°C (image D) and marks the beginning of a nucleate boiling
regime where the heat flux curve slope becomes negative. The surface heat flux is found to
be at maximum at a time much later than the start of rewetting (photograph D). The reason
for this is that as long as a vapor film covers a substantial part of the surface, so also with
partial rewetting, the resistance to heat transfer is high. Only after full rewetting
(photograph D), nucleate boiling may occur anywhere and heat flux may attain a maximum
in the same way as it does in a normal pool boiling curve.
A gradual reduction in bubble population is observed until the bubbly activity ceases
(Image E) at t = 3.06 s, for Ts = 246°C and qs = 2.1 MW/m². Henceforth, the regime is
predominantly single-phase flow. Even though the considerable elevated surface
temperature of 246°C, the high subcooling of 80 K seems to be the main reason for ceasing
the bubbly activity. This suggests that the high subcooling of 80 K would be sufficient to
suppress the bubbly activity on nucleation sites. Future works are required for a better
understanding of this phenomenon in jet impingement quenching.
A. Trends explained
The effects of the initial plate temperature and the jet subcooling, ΔTsub, on rewetting
temperature, Trw, and rewetting delay time, trw, are shown in Fig. 3.17. For ΔTsub = 50 K
with Ti = 600 °C and 750 °C, delay time and rewetting temperature were t rw = 0.08 s and
0.28 s and Trw = 593°C and 656°C, respectively (see Fig. 3.17-a & c). For ΔTsub = 80 K
with Ti = 750 °C and 896 °C, trw = 0.11 s and 0.21 s and Trw = 738 °C and 827 °C,
respectively (see Fig. 3.17-b and d). An increase in ΔTsub or Ti causes an increase in Trw. An
increase in ΔTsub or a reduction in Ti causes a decrease in trw. These trends are easily
understood from the effect of the transient driving “force” (temperature differences) in the
following way.
During film boiling, before rewetting occurrence, heat transfer from the hot surface is
by convection and radiation through the vapor layer to the vapor-liquid interface. The
sensible energy of the subcooled water is increased and the vapor gets slightly superheated.
An increase in impinging jet subcooling causes more energy to be delivered to the
subcooled water, via the vapor-liquid interface and at the same time less water to be used
for vapor generation.
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Fig. 3.16 Heat transfer and boiling regimes in jet impingement quenching for T i = 751°C,
ΔTsub = 80K, and jet velocity of 1 m/s.

Ti = 600 C ΔTsub= 50K
Trw = 593 C trw = 0.08 s

(a)

Ti = 750 C ΔTsub= 80K
Trw = 738 C trw = 0.11 s

(b)

Ti = 750 C ΔTsub= 50K
Trw = 656 C trw = 0.28 s

(c)

Ti = 896 C ΔTsub= 80K
Trw = 827 C trw = 0.21 s

(d)

Fig. 3.17 Top views images of rewetting for 600°C ≤ Ti ≤ 900°C, 50K ≤ ΔTsub ≤ 80K, and
Vj = 1 m/s.
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This explains that with increasing jet subcooling the vapor layer thickness decreases.
Similarly, an increase in initial plate temperature increases the vapor generation and the
thickness of the vapor layer. With decreasing vapor layer thickness more surface asperities
make contact with the vapor-liquid interface and, hence, rewetting is promoted. Therefore,
an increase in jet subcooling or initial plate temperature causes an increase in the rewetting
temperature and increase in the rewetting (delay) time. Quenching experiments conducted
by Sinha et al [50] produced similar trends.
A raise by a factor three in jet velocity (1 to 3 m/s) gave only a small change in
rewetting temperature (Fig. 3.18). A similar effect of jet velocity on Trw also was also found
by Agrawal et al. [18] for Trw ranging from 790 °C to 798 °C and for jet velocities ranging
from 2 to 9.6 m/s. The jet subcooled was 78°C and their stainless steel plate was initially at
800 °C. A factor of 5 in velocity resulted in a small increase of 2 % in T rw. Also Ishigai et
al. [31] and Ochi et al. [29] concluded that jet velocity has a weak effect on T rw. Jet
velocity tend affects the thickness of the vapor layer via the hydrodynamic pressure in the
impingement zone. This is apparently a minor effect in the film boiling regime. The
experimental results for Trw shown in Fig. 3.18 and the snapshots in Fig. 3.17 prove that Trw
strongly depends on Ti prior to quenching, but that in the range of T i = 450 °C to 600 °C,
subcooling has a weak effect on Trw. Also Kokado et al. [30] and Filipovic et al. [8] found a
strong influence of subcooling on Trw.
B. Correlation for rewetting temperature
The experimental Trw values plotted as a function of initial plate temperature, jet
subcooling (30 K to 80 K), and jet velocity (1 and 3 m/s) are shown in Fig. 3.18. For
Ti = 450 °C, the symbols overlap because rewetting always occurred at Ti, independent of
subcooling and jet velocity. This suggests T rw = Ti when Ti is around 450 °C. Up to
Ti = 600 °C, Trw is slightly affected by subcooling and not affected by Vj. For plate
temperatures in the range 600 to 900 °C, the influence of subcooling on Trw is remarkable.
For the high subcooling of 80 K, Trw occurs close to Ti. As Ti increases Trw increases.
Kokado et al [30] correlated the Trw linearly with Tj for 68 °C ≤ Tj ≤ 92 °C, subcooling
below 32 K and a jet velocity of 2 m/s. Recently, Takouri et al. [5] and Nobari et al. [32]
also proposed correlations for Trw as function of jet subcooling. To the best of our
knowledge, no correlation for the rewetting temperature of a water jet quenching on a steel
surface, that takes the influences of initial surface temperature, subcooling, and
impingement jet velocity simultaneously into account, is available in the literature. For this
reason the following empirical correlation is here proposed:

𝑇𝑖 − 𝑇𝑟𝑤 =

𝐶1
𝑎2 𝑎3
∆𝑇𝑠𝑢𝑏 𝑉𝑗

(

𝑇𝑖 − 𝐶2 𝑎1
)
𝐶2 − 𝑇𝑠𝑎𝑡

(3.5)

The coefficient C2 can be fixed to 450 °C, because data showed that T rw = Ti when Ti is
around 450 °C; Equation (3.5) is taken to be applicable for Ti ≥ 450 °C only. By least
squares fitting, to our data the following coefficients have been found:
a1 = 3.00 ± 0.19,
a2 = 1.437 ± 0.016,
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a3 = 0.0918 ± 0.046,
C1 = 22563 ± 500,
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Fig. 3.18 Effect of Ti, subcooling, and jet velocity on rewetting temperature.
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all within a 95 % band of confidence. The correlation can be used for Ti ≥ 450 °C. The
parameters R-square (r²) and F-statistic (F) indicate the quality of the fit. R-square indicates
how successful the fit can explain the variability in observed data. F is a measure for the
appropriateness of the number of fitting parameters. A high value for F indicates good
choice of number of parameters to describe the observed data [51]. The values found for r²
and F of the above fit are 0.986 and 5409, respectively, indicating a good fit. It stands to
reason that the inaccuracy of the parameter a3 is high, because the number of velocities
examined is low. A comparison between experimental values and predicted ones of T rw is
shown in Fig. 3.19. The predicted values have a standard deviation, σ, of ± 7.6 °C (95 %
confidence level).
The capability of Eq. (3.5) to predict the rewetting temperature for test conditions
different from those used in present study is now examined with data from the following
studies. Filipovic et al. [8] used a copper specimen at 850°C exposed to a rectangular water
jet (2 ≤ Vj ≤ 4 m/s; 45 K ≤ ΔTsub ≤ 75 K); Kokado et al. [30] used a round impinging jet
with a diameter of 10 mm on a 900 °C – stainless steel plate; Agrawal et al. [18] used a
small jet with a diameter of 2 mm impinging at velocity 2 – 9.6 m/s on a 800 °C – stainless
steel plate; Wang et al [3] used a hot stainless steel plate (200 – 900 °C) cooled by round jet
(57 K ≤ ΔTsub ≤ 87 K; 2 ≤ Vj ≤ 8 m/s) of 4 mm diameter. The rewetting temperatures
calculated with (5) are compared to the values reported in these studies in Fig. 3.20. The
predicted values agree well with the experimental results, even for plate material and test
conditions far out of range of those used to develop Eq.(3.5). For jet quenching on stainless
steel the predicted values agree to within ± 5 % while for copper plates the agreement is to
within ± 10 %.
C. Correlation for rewetting delay
The rewetting delay time, trw, is the interval between application of the jet on hot
surface and the onset of rewetting. The effect of initial surface temperature, jet velocity,
and subcooling on rewetting delay time (trw) are shown in Fig. 3.21. A strong effect of T i
and jet subcooling on rewetting delay time is found, while the effect of V j is minor. These
results are in agreement with those of Piggott et al. [33].
Existing correlations to predict the rewetting delay time, t rw, in jet quenching are
inapplicable to the test conditions of the present study with delay times as sort as
trw = 0.02 s. Mozumder et al. [34] proposed empirical correlations for trw valid only for
rewetting delay times satisfying trw > 30 s and applicable only outside of the impingent
zone (r/dj > 0.5). For this reason, the following empirical correlation is proposed:

𝑡𝑟𝑤 = 𝐾1 𝑒𝑥𝑝 [

𝑇𝑖 (𝐾2 − 𝐾3 𝑉𝑗 )
𝑏

1
∆𝑇𝑠𝑢𝑏

]

(3.6)

By least mean squares fitting, the following coefficients for Eq. (6) were found:
K1 = 1.53 x10-3 ± 0.21 x10-3,
K2 = 36.9 x10-3 ± 1.8 x10-3,
K3 = 1.92 x10-3 ± 0.2 x10-3, and
b1 = 0.421 ± 0.016,
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all within 95% of confidence. The values found for r² and F were 0.998 and 11612,
respectively. Fig. 3.22 shows a comparison between experimental and predicted values of
Trw. The differences had a standard deviation, σ, of 0.012 s (95% confidence).
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Fig. 3.22 Comparison of experimental values of trw and predictions with
𝒕𝒓𝒘 = 𝑲𝟏 𝒆𝒙𝒑 [

3.4

𝑻𝒊 (𝑲𝟐−𝑲𝟑 𝑽𝒋 )𝑲𝟒
𝒃

𝟏
∆𝑻𝒔𝒖𝒃

].

Conclusions

The characterization of rewetting and boiling phenomenon inside water jet quenching
of high temperature steel plate was achieved with the aid of a novel high speed imaging
technique. Main findings are summarized as follows:
For the first time, non-coalescing gas bubbles have been observed on top of the vapor
film that is formed underneath the liquid directly after the start of impingement if the plate
temperature is sufficiently high (quantified below).
For the first time, the rewetting process within the jet impingement zone was directly
observed. Deposition of solid particles on the hot plate, as well as an increased roughness
of the plate, induces rewetting. Rewetting occurs on top of asperities that act as microfins
on the hot surface.
Stable rewetting is found to occur if the plate temperature is below the thermodynamic
limit of water superheating. For initial surface temperatures below 300 °C rewetting occurs
without a vapor film covering the plate. For initial surface temperature above 450 °C such a
vapor film occurs even for a subcooling as high as 80 °C. However, a jet subcooling of 80
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°C is sufficient to suppress this bubbly activity on nucleation sites if the surface plate
temperature is 250 °C or less.
Surface asperities may easily penetrate the vapor film and interact with the flowing
liquid. By cooling down more rapidly than the remaining solid surface they act as a kind of
micro-fin on top of the solid material underneath.
After rewetting of the total surface, intense vapor bubble activity is observed. Vapor
bubbles of various sizes are observed and through the bigger bubbles the dry plate area of
the bubble foot can be seen. The reflections of the LED lights therefore prove the existence
of contact lines and boiling bubbles.
The existence of non-coalescing and whitish bubbles, without a dark interior and
mentioned above, are found to keep on moving quite hectically, without reducing in size,
while sometimes agglomerating without coalescing. This and other arguments lead us to
believe that these are bubbles filled with inert gases, so are effervescence bubbles, although
there is no direct proof of that.
Temperature and time of rewetting are strongly affected by the initial surface
temperature and jet subcooling and less by the jet velocity. Empirical correlations for these
parameters and dependencies have been presented.

Nomenclature
Bi
cp
dj
dn
g
h
k
L
Po
Pj
qs
qmax
qrw
Q
r
t
Ti
Tj
trw
Trw
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Biot number, Bi = h.L/k
Specific heat capacity
Jet diameter just before impingement
Jet diameter at nozzle exit
gravitational acceleration
Heat transfer coefficient, h = qs/(Ts ‒ Tj)
Thermal conductivity
Characteristic length
Atmospheric pressure
Pressure at the stagnation point of the jet
Surface heat flux
Maximum surface heat flux
Rewetting surface heat flux
Water volume flow rate
Radial distance to the center of the jet
Time
Initial surface temperature
Impinging jet temperature
Time interval between impingement and rewetting
Rewetting temperature

J/(kg.K)
m
m
m/s2
W/(m2.K)
W/(m.K)
m
Pa
Pa
W/m2
W/m2
W/m2
m3/s
m
s
°C
°C
s
°C
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Ts
Tsat
Ttls
Vj
∆Tsub

Surface temperature
Saturation temperature
Thermodynamic limit of liquid superheating
Jet velocity just before impingement
Subcooling, (Tsat – Tj)

°C
°C
°C
m/s
°K
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4 Accelerated cooling pilot plant

The development of new products takes a long period of intensive experiments with
associated high costs. Simulations at pilot scale contribute to a reduction of costs and assist
in the development of the industrial process. An accelerated cooling pilot plant has been
designed, constructed and tested to perform research on state-of-the-art development of
processes and new products, being large enough to simulate industrial conditions. The
system promotes uniform and symmetrical cooling between the top and bottom plate
surface, and has the flexibility to adjust the cooling strategy according to desired initial and
final temperatures, a cooling rate from 10 to 100°C/s, plate length from 600 to 2000 mm,
plate thickness from 3 to 50 mm, and plate velocity up to 60 m/min. The system has a
cooling section length of 6000 mm, water temperature control from 10°C to 22°C, and
water flow capacity of 720 m3/h. The temperature is monitored by a thermal camera, and a
mathematical model is applied to simulate cooling strategies. The successful operation of
the system has been demonstrated by several cooling tests used for the development of new
products providing parameters for industrial scale production.

This Chapter is reproduced from two awards: (i) Siemens VAI award winning presentation
in 15th Industrial IT and Automation Seminar, 2012, by M. M. F. Goncalves, H. Leocadio,
W. S. Horta and (ii) Bonifacio award winning presentation in 49th Rolling Seminar –
International, 2012, by H. Leocadio, R. M. Cabral, M.M.F. Goncalves.
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4.1.1

Introduction

Accelerated cooling has been widely adopted to improve the structural and wearresistant properties of steel used in pipelines and shipbuilding [1]. This process can also
produce multi-phase high strength strip steel for the automotive industry with the aim to
increase its strength, while maintaining an adequate balance of ductility, formability,
toughness, and weldability [2]. The benefits of using accelerated cooling after
thermomechanical controlled rolling can be summarized as: (i) cost savings from reduced
alloy contents due to grain refinement, (ii) improved weldability due to lowered carbon
equivalent, (iii) improved strength and toughness without increasing alloy contents, (iv)
improved throughput due to less severe thermomechanical rolling requirements for the
same mechanical properties [1, 3, 4, 5]. Furthermore, this process is effective for the
production of pipeline steel which is resistant to hydrogen induced cracking (HIC) and used
to transport oil with a high H2S content [6].
Fig. 4.1 shows the different microstructures obtained from various cooling rates
applied to the material being processed. Plates produced by accelerated cooling have a fine
ferritic and pearlitic structure, or in the case of heavy accelerated cooling, an acicular ferrite
and bainitic structure.

Fig. 4.1 Microstructures obtained from different cooling rates for steel with chemical
composition of 0.04%C - 1.64%Mn - 0.029%Nb - 0.015%Ti [7].
Directly quenched products usually have a bainitic and/or martensitic structure
depending on alloy content and final cooling temperature [1]. Interrupted accelerated
cooling is generally applied between 800 and 500°C at cooling rates between 5 and 80°C/s
and, after reaching an intermediate temperature, is further cooled by air cooling. Direct
quenching generally starts at 900°C and ends at 200°C, at cooling rates from 5 to 60°C/s
[6]. The cooling rate decreases with increasing plate thickness. The maximum cooling rate
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achievable under industrial conditions depends on the plate thickness, from 80°C/s (at 10
mm thickness) to about 1°C/s (at 80 mm thickness), in order to assure minimum
temperature gradients across the thickness of the plate and greater uniformity of mechanical
properties [1, 6].
Although accelerated cooling processes have been developed worldwide [5, 6], the
development of products in each particular steelworks plant requires a long period of
intensive industrial experiments, and associated high costs before the products can be
supplied to the market, in the quantity and quality required. Compared to the process at
industrial scale, a pilot-scale simulation has low costs and represents an important tool in
the development of new products and in the implementation of the accelerated cooling
technology at industrial-scale [3, 4]. For instance, tests at industrial scale would use slabs
from about 5,000 to 20,000 kg while at pilot-scale slabs up to only 50 kg can be used.
Zhou et al. [4] proved by pilot-scale and industrial–scale trials that superior mechanical
properties using low-alloy steels may be obtained using an accelerated cooling process.
They verified by pilot tests that low-Mo API X80 pipeline steel cooled at 65°C/s had
similar microstructure and mechanical properties as high-Mo steel cooled at 22°C/s, both
cooled from 850°C to 450°C. The product also satisfied the requirements of X80 pipeline
steel standard as shown in Table 4.1. For the pilot tests forged steel bars of 5 kg were used
with dimensions of 95 mm (thickness), 80 mm (width), and 100 mm (length) which were
hot rolled on a two high (2 Hi) reversible mill, resulting in a 15.8 mm thick plate. An
industrial trial produced low-Mo X80 steel with similar microstructures and mechanical
properties as the pilot-scale test, demonstrating the effectiveness of this process to
manufacture low–cost, high–strength, low-alloy steels.
The market demand for Advanced High Strength Steel (AHSS) of larger thickness
without loss in toughness, with improved weldability through reduced carbon equivalent,
and with low alloy and low production costs has continuously increased. Accelerated
cooling technologies have been established as the most powerful metallurgical tools to meet
these demands [8].
Table 4.1 Mechanical properties of the API X80 pipeline steel standard compared to highMo and low-Mo samples cooled at rate of 22 and 65°C/s, respectively [4].

In view of the importance of this technology in the development and enhancement of
products and processes, the decision was taken to design and construct, totally in-house, a
custom accelerated cooling system compatible and integrated with an existing pilot-scale
rolling mill at the Research & Development Center of Usiminas Steel. This chapter will
describe the design, tests and operation of this accelerated cooling system which is fully
automated with water flow control of the 24 top and bottom cooling banks, cooling rates,
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runout table speed (up to 60 m/min) and temperature monitoring of the specimen by
thermal imaging cameras. The system is capable of promoting uniform cooling rates from 5
to 100°C/s on both surfaces of the plate or strip with dimensions of up to 300 mm wide, up
to 2000 mm long, and up to 50 mm thick with a temperature decrease from 900°C to
100°C. It is also equipped with a mathematical model that simulates the cooling curves
across the plate thickness.

4.2

Material and method

State-of-the-art research and development of processes and materials require an
experimental facility large enough to simulate industrial production conditions, and thereby
minimize costly development trials on production mills. The R & D Center of Usiminas
already had a rolling mill pilot line, which includes a reheating oven, a four-high rolling
reversing mill, a runout cooling table, and a controlled cooling oven. However, there was
no cooling system that would meet the basic requirements of the accelerated cooling
process. The accelerated cooling pilot project had as a minimal requirement a temperature
control system capable of promoting uniform and symmetrical cooling between the top and
bottom plate surfaces, having enough flexibility to adjust the cooling process according to
the following parameters: a) initial and final temperatures of 900 to 600°C; 800 to 450°C;
700 to 200°C, respectively, b) cooling rate from 10 to 40°C/s, and c) plate dimensions of
800 to 1500 x 200 x 10 to 40 mm3.
4.2.1

Existing rolling mill pilot plant

The existing rolling mill pilot at the Research & Development Center of Usiminas
Steel was designed to operate as a hot and cold reversing mill for plates or strips from
ingots or slabs weighing up to 60 kg, but without an accelerated cooling system, as outlined
in Fig. 4.2. This pilot mill is a two/four-high (2/4 Hi) hot and cold reversing mill (4) with
work rolls width and diameter of 400 mm, load capacity of 250,000 kg, and motor drive of
250 kW (5). It has two down coilers (6) to operate as a cold strip reversing mill. They
operate with hot rolled product dimensions 100 – 300 mm width and 6 – 200 mm thick and
cold rolled product dimensions 50 – 300 mm wide and 0.1 – 4 mm thick. It has a motorized
runout table (3 and 7) with velocity of 10 – 60 m/min and coiling velocity of 20 –
150 m/min (cold rolling mill mode). The total runout table length is 25 m. There is a
programmable reheating electrical oven of 75 kW (1), with internal dimensions of 800 mm
wide, 1000 mm long and 600 mm tall, capable of heating up to 1300°C and a slab
withdrawal device (2) from inside the oven (1). A programmable electrical oven (8) with
heating capacity up to 1200°C, power of 42 kW, and internal dimension of
400 x 600 x 1000 mm3 is used to simulate the coiling of strips.
Photographs of the rolling mill pilot constructed at R & D Center of Usiminas Steel are
shown in Fig. 4.3. Fig. 4.3-a shows the runout table at the exit of the rolling mill before the
construction of the accelerated cooling system where there was an available length of 12 m.
The withdrawal process of the hot ingot from the electric oven is shown in Fig. 4.3-b. The
ingot is submitted to the reversing rolling mill process (Fig. 4.3-c) up to the desired plate
thickness (Fig. 4.3-d).
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Fig. 4.2 Outline of rolling mill pilot constructed at R & D Center of Usiminas Steel without
accelerated cooling system.
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Fig. 4.3 Photographs of the rolling mill pilot constructed at R & D Center of Usiminas
Steel: a) runout table rolling mill before construction of accelerated cooling system, b)
withdrawal of the hot ingot from the electric oven, c) ingot at entrance of rolling mill pilot,
and d) hot steel plate at exit of rolling mill pilot.
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4.2.2

Accelerated cooling - Development and design

The temperature control at the runout table is one of the most critical processes to
ensure the required mechanical properties and the desired grain structure in hot rolled steel.
The cooling system has to be capable of promoting uniform and symmetrical cooling
between the top and bottom surface of the rolled plate and strip, and should have the
flexibility to adjust the cooling rate during the process. However, the heat transfer
mechanism involves complex mixed phenomena of water impingement and boiling on a
moving superheated surface. This process includes internal conduction, forced convection,
boiling, air convection, radiation, and heat generation from material phase transformation.
Therefore, knowledge of the accurate heat transfer coefficient during the water jet
impingement on the high-temperature steel surface is fundamental for the cooling control
system.
Generally, impinging water jets are employed as an effective cooling system due to
their high heat flux extraction rate while the equipment is relatively simple. The most
common free jets are circular (Fig. 4.4-a) and planar (Fig. 4.4-b), also known as curtain
type. The alternate arrangement of jets in each row is made in order to cover the entire
width of the strip mill. The curtain type would promote a uniform cooling along the strip
mill width, but sometimes may “break up” during the operation, compromising the strip
mill quality along the width by an uneven cooling, as shown in Fig. 4.5. A water jet of
circular type was chosen for the development of the accelerated cooling pilot due to its
lower manufacturing and maintenance costs, and its stable water flow.
A partial view of the process and instrumentation (P&I) diagram is shown in Fig. 4.6.
The cooling system has an elevated water tank (1). Since water temperature has a strong
effect on the jet impingement heat transfer behavior, as mentioned in chapter 3 and other
studies, a chiller (1) was connected to the water tank in order to keep the water at the
desired temperature. Both water tank (1) and cooling units (4) have a transmitter to monitor
the water temperature.
The water flows from the water tank to the cooling units by means of gravity or pumps
(2). A buried tank under the cooling system receives the water from the cooling process and
returns it to the elevated tank (1). After the hot rolling mill process (3), the plate is
positioned at the entrance of the cooling system and has its top surface temperature
monitored by a thermal imaging camera and pyrometer until the initial test temperature is
reached. Since the rollers on the runout table may cause significant cooling in the thinner
plate or cold spots, a lifting system (3) keeps the plate away from the roller. The quality and
temperature distribution of the plate surface can be verified by the thermal imaging camera.
The cooling section (4) is composed of 24 top and 24 bottom cooling banks grouped in sets
of four. Each cooling set has a flow control valve monitored by a magnetic flowmeter to
keep the water flow rate constant at the required value, resulting in twelve control valves in
total. Each cooling bank can be switched on or off by manual valves. At the end of the
cooling process (5), the plate can also be monitored by a thermal imaging camera and
pyrometer and another lifting plate system can be activated, if necessary. Although the
runout table has a speed control, the plate can slip on the rollers. Thus, at the entrance and
exit of the cooling section (4) there will be laser sensors to detect the time of entry and exit
of the plate and then the actual plate velocity can be calculated.
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Fig. 4.4 Hot strip mill cooling system by laminar flow using (a) circular water jet (U-Tube
type) and (b) planar water jet (water curtain type).

Fig. 4.5 Breaking up of water curtain during the hot strip mill cooling process.
The results obtained by the experiments presented in chapter 2 allow a better
understanding of the heat transfer modes during the cooling of high temperature steel plates
by an impinging water jet, which can be used in the development of a mathematical model
and in the design of the accelerated pilot cooling system. However, one of the parameters
that most influences the efficiency and homogeneity of circular jet cooling is the nozzle
array of the cooling bank. The nozzle array was designed and it was needed to test it during
the top and bottom cooling of moving plates. The setup used in the experiments presented
in chapter 2, constructed at R & D Center of Usiminas, allowed only cooling tests of a
stationary plate by one round water jet. Therefore, 37 cooling tests [9] using the designed
nozzle arrays were carried out in the Heat Transfer Laboratory of the University of Brno, in
the Czech Republic.
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Fig. 4.6 Partial view of the process and instrumentation (P&I) diagram.
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The test parameters were: a) carbon and stainless steel plates of 20 x 300 x 320 mm³;
b) 23 top and 14 bottom cooling tests; c) plate velocity of 12 to 60 m/min; d) initial test
temperatures of 650°C to 900°C; e) water flow rate of 318 to 840 ℓ/min at 20°C; f) distance
from nozzle to plate surface of 40 and 450 mm for bottom and top tests, respectively. The
test plate velocities were chosen similar to those used on the runout table pilot of Usiminas.
Argon gas was used to avoid oxide scale formation on the carbon steel plate surface during
the heating process. Four thermocouples k-type (TC 1 to 4) were positioned 0.6 mm from
the plate surface at different locations in order to verify the cooling homogeneity over the
surface during the cooling tests, as shown in Fig. 4.7. Uneven cooling on the surface may
warp the plate or result in the formation of an undesirable microstructure during an
accelerated cooling process at industrial or pilot-scale. Two others thermocouples were
placed at a depth of 3 mm (TC5) and 10 mm (TC6) from the surface. Sides without jet
impingement were insulated.

Fig. 4.7 Drawing of the plate top view with layout of thermocouples (TC 1 to 4) located in
the depth of 0.6 mm from top surface.
During the cooling test the plate moved forward and backward passing underneath the
jet array along a girder driven by electric motor. The plate rotated with the girder to allow
the top or bottom cooling test, as shown in Fig. 4.8. Measured cooling curves for a top
cooling test of the carbon steel plate moving at 60 m/min, heated at 850°C, by a water flow
rate of 630 ℓ/min, are shown in Fig. 4.9. The four thermocouples at a depth of 0.6 mm
show almost equal cooling curves, demonstrating that the designed nozzle array guarantees
a homogeneous cooling on the plate surface. All tests, including bottom tests, showed the
same behavior. After the heating process, the plate surface is exposed to the air and loses
heat by convection and radiation. Due to its proximity to the surface, TC’s at a depth of
0.6 mm exhibit a cooling rate of 1.3 °C/s while at 10 mm depth this is only 0.56 °C/s,
showing the delay in the diffusion of heat across the plate thickness. Just before the start of
the cooling process, the temperatures at a depth of 0.6, 3, and 10 mm are 822, 837, 844°C,
respectively.
At time about 14.5 s the test plate passes below the jet array and just after a time of
3.8 s, the temperatures at these positions fall to 200, 620, and 833°C. In this time interval,
the sharpest temperature drop of 620°C, corresponding to a cooling rate of 162°C/s, occurs
at 0.6 mm depth, while at 10 mm depth the temperature drop is only 4°C. After this short
period the temperature decreases slowly closer the surface, while the temperature drop
inside the plate is more pronounced. Note that at a depth of 10 mm, the onset and end of the
cooling is only noticed seconds after this happens at a depth of 0.6 mm. This shows the
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strongly non-linear profile across the plate thickness. The cooling curves at a depth of 0.6,
3, and 10 mm have different slopes throughout the cooling process.

a

Array

b

Array

Fig. 4.8 (a) Top and (b) bottom cooling of the moving hot plate by water jet array.
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Fig. 4.9 Measured top cooling curves by thermocouples located at a depth of 0.6, 3, and
10 mm under the cooling surface for a carbon steel plate moving at 60 m/min, heated at
850°C, and a water flow rate of 630 ℓ/min.
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However, a more uniform cooling rate is observed at the depth of 10 mm with a
cooling rate of 19°C/s. This extreme difference in the cooling rate across the thickness
limits the production of thick sheets due to the lack of homogenization in microstructure
and mechanical properties (see Fig. 4.1). Thus, thinner plates have more homogeneous
properties. Usually, for examination of the properties, samples are withdrawn at 1/4 and 3/4
of the plate thickness, which also are chosen as positions for monitoring the cooling
process. As the 20 mm thick test plate used in the present study has only one surface
exposed to cooling, the depth of 10 mm may be considered as 1/4 of the thickness of a
40 mm thick plate.
The small peaks of temperature recovery between t = 20 and 35 s at 0.6 mm, demarcate
the forward and backward passing of the plate beneath the jet array, where the surface
temperature increases when it is out of the jets and decreases when it is below them.
The cooling process is finished at t = 37.5 s with temperatures at depths 0.6, 3, and
10 mm of 152, 278, 454°C, respectively, and then the temperature homogenization process
across the plate thickness begins. The recovery of the temperature is first observed at
position 0.6 mm, followed by position 3 mm (t = 37.8 s). No recovery was observed at
10 mm depth, but a slow change in slope of the curve to a smaller cooling rate is perceived
1.7 s later (t = 39.2 s) when the temperature is 432°C. The temperature at 10 mm depth
keeps decreasing to 397°C, when an almost complete homogenization of the temperature is
achieved. For thinner plates this recovery takes place much faster and with a smaller
difference in cooling rates. In the hot strip mill cooling process, the surface temperature is
measured very few seconds after the end of the cooling process and it is used as a reference
for the final coiling temperature. The most important is the surface temperature to be
measured when the temperature across the thickness has almost homogenized.
Fig. 4.10 shows bottom cooling curves at depths of 0.6, 3.0, and 10 mm under the
cooling surface for a carbon steel plate moving at 30 m/min, heated at 850°C, and for a
water flow rate of 630 ℓ/min. Oscillations of the recovery temperature at 0.6 mm are much
larger than those observed in the top cooling test shown in Fig. 4.9, during the forward and
backward passing of the plate beneath the jet array. These large oscillations happen since
after jet impingement on the bottom surface, the water falls down due to gravity. The
absence of water reduces the heat flux since the heat transfer is by radiation and air
convection only, which are lower than the heat transfer by boiling of the remaining water
on the plate surface during the top cooling test (Fig. 4.8-a). At a depth of 3 mm the
oscillations are still visible, but at a depth of 10 mm they are completely damped and a
uniform cooling rate of 15°C/s is measured.
The cooling efficiency is shown in Fig. 4.11 by comparison of the temperatures at a
depth of 10 mm, and the surface heat fluxes between the top and bottom cooling tests under
the same test conditions, for a carbon steel plate moving at 30 m/min, heated at 850°C, and
a water flow rate of 630 ℓ/min. The top and bottom cooling rates are similar with values of
18°C/s and 15°C/s, respectively. The effects of high peaks of heat fluxes on the bottom
cooling are mitigated by the extremely low heat fluxes that occur when leaving the jet zone
due to the absence of water, as explained above. After the plate leaves the jet zone, the
bottom surface becomes dry and reaches high surface temperatures (see Fig. 4.10), then
rewetting occurs in the jet zone causing high heat fluxes. Note that the heat flux peaks
decrease as the surface temperature decreases. A higher initial surface temperature
promotes a higher heat flux, as explained in Chapter 2.
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Fig. 4.10 Measured bottom cooling curves by thermocouples at depths of 0.6, 3, and 10 mm
for a carbon steel plate moving at 30 m/min, heated at 850°C, and a water flow rate of
630 ℓ/min.
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Fig. 4.11 Comparison of temperatures at 10 mm, and surface heat fluxes between top and
bottom cooling under the same test conditions: for a carbon steel plate moving at 30 m/min,
heated at 850°C, and a water flow rate of 630 ℓ/min.
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The remaining water on the plate surface in the top cooling test precludes higher
temperature recovery, resulting in low values of the surface heat flux, but without intervals
of zero heat flux as seen in the bottom test. If needed, bottom cooling can be enhanced by
increasing the size of the wet zone by jet array modification while keeping the same water
flow rate. The cooling tests with a plate velocity of 12 to 60 m/min demonstrated that the
plate velocity has no influence on the cooling rate. The cooling rate was lower on a carbon
steel plate than on a stainless steel plate for the same test conditions, due to the heat
generation from phase transformation which occurs in the carbon steel and its lower
diffusivity (3.3 x10-6 m2/s@727°C) than stainless steel (5.3 x10-6 m2/s@727°C). However,
similar heat transfer coefficients were found for both plate types.

4.2.3

Accelerated cooling pilot plant

From the P&I diagram (Fig. 4.6), the accelerated cooling system was designed and
constructed, as shown in Fig. 4.12. The system consists of 24 top and 24 bottom cooling
banks (5 and 7), a water storage tank of 15 m3 (1), a decantation water tank (8), two feed
pumps (4), a recirculation pump (9), a water cooling system (chiller) (2), an instrumented
air supply (3), two thermal imaging cameras, two pyrometers, and two laser sensors. Laser
sensors are used to measure the actual plate velocity during the cooling process.
The general view of the accelerated cooling pilot constructed at the R&D Center in
conjunction with the rolling mill pilot plant is shown in Fig. 4.13. Fig. 4.14 shows a general
view with all 24 top and 24 bottom cooling banks in operation. The bottom cooling bank
was designed with different nozzle slopes to increase the wet impingement area on the
bottom plate surface and enhance the cooling efficiency while using the same amount of
water. Fig. 4.15 shows one in operation with sloping jets.
4.2.4

Accelerated cooling experiments

In order to verify the performance of the installed cooling system, several cooling tests
were carried out using carbon steel plates with dimensions of 16, 25, 40 and 50 x 220 x
550 mm3, heated to 600, 750, and 900°C, submitted to a water flow rate of 40 to 100 ℓ/min
per cooling bank, and at a plate velocity of 10 to 60 m/min. The plates were instrumented
with thermocouples at a depth of 1.5 mm (TC 5 and 6) and 1/4 of the thickness (TC 3 and
4) both from top and bottom surface, as well as near the edges of the plate (TC 1 and 2), as
shown in Fig. 4.16. After heating, the plates were submitted to the accelerated cooling. The
temperature history was recorded by a data acquisition system connected to the test plate,
as shown in Fig. 4.17.

4.2.5

Mathematical model

The mathematical model developed [9] estimates the cooling rate, plate velocity and
final temperature, as well as cooling curves at top and bottom surface and at 1/4 of
thickness, as shown in Fig. 4.18. Input data are the initial temperature, plate thickness,
material specification, water temperature, and desired final temperature and cooling rate
(1). The top and bottom water flow rate for each set of four cooling banks must be provided
(2) in order to simulate the various cooling curves, as well as, the number of top and bottom
cooling banks switched on by the check box.
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Fig. 4.12 3D drawing of the accelerated cooling pilot and auxiliary facilities in conjunction
with the rolling mill pilot plant.
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Fig. 4.13 General view of the accelerated cooling pilot constructed at the R&D Center in
conjunction with the rolling mill pilot plant.
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Fig. 4.14 General view of all 24 top and 24 bottom cooling banks in operation.

Fig. 4.15 Bottom cooling bank with different nozzle slopes in operation.
Note that the same final temperature can be obtained by different cooling rates starting
from the same initial temperature. Also, equal final temperatures can be obtained by
different cooling rates starting from the same initial temperature, simply by varying the
plate velocity. For this reason, the model allows input of various flow rate settings (2) and
then provides the possible cooling rates (4), final temperature and plate velocity (3) for
these input configurations. The model provides cooling curves (4) at 1/4 of the thickness
(red line) and at the top and bottom surfaces (green line) of the plate.
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Fig. 4.16 Instrumented test plate with thermocouple locations.

Data acquisition

Instrumented plate

Fig. 4.17 Schematic of temperature history recording during top and bottom cooling of the
instrumented test plate moving in the accelerated cooling pilot.
Note that when the same water flow rates are used for top and bottom cooling, both
surfaces will have the same cooling rate. Consequently, the cooling rate at ¼ of thickness
will also be the same. Thus, the top and bottom cooling curves of top and bottom surface
and at 1/4 thickness are displayed in the same figure (?). Fig. 4.19 shows a simulation of
how the cooling curves behave when different water flow rates are applied on top and
bottom plate surface. Uneven cooling on both surfaces may warp the plate or result in the
formation of undesirable microstructures. The simulation shows that the cooling rate is
larger on the surface than inside the plate and at the end of the cooling process there is a
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strong recovery of surface temperature, which becomes equal to the average temperature in
the plate, close to the average temperature at the end of the cooling process, as
demonstrated by the cooling experiments shown in Fig. 4.9. At industrial or pilot-scale, the
final temperature is based on the surface temperature measured by pyrometers or thermal
cameras. Therefore, the time needed to homogenize the temperature across the thickness is
critical to avoid a lower temperature reading error and the model is a good tool to estimate
the temperature recovery time and obtain an accurate measurement of the surface
temperature at the end of the cooling process. The model allows simulating different
cooling strategies, as shown in Fig. 4.20, where cooling banks 5 to 16 are switched off
while all others are switched on. After the fourth cooling bank, the cooling is interrupted
and a complete homogenization of the temperature is established. At the entrance of 17th
cooling bank the plate experiences a new sharp drop in temperature.
The cooling rate affects microstructures and mechanical properties and decreases with
an increase of the plate thickness. The final cooling temperature and the surface
temperature recovery time also are affected by the plate thickness and increase with an
increasing thickness. The model allows simulating the influence of thickness on such
parameters, as shown in Fig. 4.21. Two plates with thicknesses of 18 and 40 mm and
submitted to the same test conditions, reach temperature homogenization after the cooling
process within 11 s and more than 20 s, respectively. The model is applicable to carbon
steel between 0.05%C and 0.23%C, and takes into account the influence of carbon
composition by the large peak in the specific heat which occurs around 720°C due to phase
transformation, as mentioned in Chapter 2.

1/4 thickness
1
4
3

Surface

2

Fig. 4.18 Display of the mathematical model showing the input and output data and the
calculated top and bottom cooling curves at top and bottom surfaces and at 1/4 of the
thickness.
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Fig. 4.19 Simulation of cooling curves for top and bottom water flow rate of 100 and
200 ℓ/min, respectively, all cooling banks switched on, plate 25 mm thick moving at
10 m/min.

Fig. 4.20 Simulation of interrupted cooling with cooling banks 5 to 16 switched off and all
others on and a water flow rate of 190 ℓ/min, plate thickness of 25 mm and moving at
24 m/min.
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Fig. 4.21 Influence of plate thickness on the surface temperature recovery time and cooling
curve for thickness of (a) 18 mm and (b) 40 mm under the same test conditions.

4.2.6

Automation and control

The control and automation system [9] has the function to adjust and control the water
flow rate of the cooling banks and the runout table speed to guarantee the desired cooling
rate, as well as to monitor all variables and release the system to start the cooling process.
Fig. 4.22 shows the main screen of the control system, where top and bottom water flow
rates for each set of four cooling banks (1) are set and monitored, and level and temperature
of the water in storage tank (2), the water temperature in the first (3) and last (4) cooling
bank, and operating conditions of the system (5) are verified.
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Fig. 4.22 Main screen of the control system.
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In order to allow coherent surface temperature measurement which is masked by points
with different emissivity levels due to oxide scale spots, the system measures the
temperature along the surface and obtains the maximum temperature as well as its location.
This value is transferred to the main screen and used to estimate the cooling rate achieved.
Fig. 4.23 shows the photograph of a 40 mm thick plate after the cooling process and Fig.
4.24 shows its thermal image with variations in surface temperature between 345°C and
620°C. At the end of the cooling process, the surface temperature is lower than the internal
temperature and some time is required for homogenization across the thickness and the
surface temperature to reach its maximum value, as shown previously in Fig. 4.9. As
mentioned above, the time required for temperature homogenization may also be estimated
by the mathematical model (Fig. 4.21). Thus, the plate surface quality as well as the
homogeneity of the temperature distribution on its surface can be verified by the thermal
imaging camera.Although the runout table has a speed control and the cooling time may be
calculated by this velocity and the cooling zone length, the plate can slip on the rollers and,
thus, mask the real time of the cooling process. Therefore, at the entrance and exit of the
cooling section (4) there are laser sensors installed to detect the time of entry and exit of the
plate that enables the calculation of the actual plate velocity.

4.3

Results and discussion

This section presents the results of cooling tests carried out for the verification of
homogeneous and equal cooling on top and bottom plate surfaces. To this end the
temperature history is measured internally in the plate by means of thermocouples. The
successful operation of the system in the development of new products provides parameters
for industrial scale production. Also a comparison is made between simulations and
experimental results.
4.3.1

Homogeneous and uniform cooling

Fig. 4.25 shows the experimental cooling curves obtained [9] during cooling of a
carbon steel plate of 50 mm thick measured by four thermocouples at depths of 1.5 and
12.5 mm (1/4 of thickness) from the top and bottom surfaces. All 24 top and 24 bottom
cooling banks were switched on, the plate velocity was 13 m/min, and water flow rate
170 ℓ/min for each top and bottom set of four cooling banks. The plate was heated at
640°C, while the cooling started at 627°C. Just after the plate left the cooling zone, the
temperature close to surface (1.5 mm) was 154°C while the inner temperature (12.5 mm)
was 427°C. The final temperature after homogenization was 331°C, at both positions of 1.5
and 12.5 mm, and the time required for homogenization was 36 s after exiting the cooling
zone. The cooling curves at both the measurement position at 1/4 thickness and at 1.5 mm
were almost equal for top and bottom surface. The average cooling rate was 10°C/s at 1/4
thickness from both top and bottom surface. This test demonstrated that the installed
cooling system is able to accomplish a homogeneous and equal cooling on top and bottom
plate surfaces.
4.3.2

Experimental and simulated results

Strain-Based Design steel has proven its applicability to offshore pipelines, pipelines
operating at high temperatures, pipelines in areas of soil movement, and arctic pipelines
[10]. An experimental study [11] at pilot-scale aiming to give subsidies to the development
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at industrial-scale of pipeline steel with “Strain-Based Design” qualification was carried out
using the Rolling Mill pilot and Accelerated Cooling pilot plant. Samples of API X65, X70
and X80 steel slabs were hot rolled at the rolling mill pilot with a finishing temperature of
800°C followed by accelerated cooling with cooling rates of 25 to 50°C/s.

Fig. 4.23 40 mm thick plate after the cooling process.

Fig. 4.24 Thermal image of the plate shown in Fig. 4.23 with variations in surface
temperature between 345°C and 620°C.
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Experimental results for the final cooling temperature (Tf) and cooling rate were
compared with results of the simulations with the mathematical model, using the same
operational parameters such as initial cooling temperature (Ti), top and bottom water flow
rates, and plate thickness, as shown in Table 4.2.
700
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1/4 thickness - Top
1.5 mm - Bottom
1/4 thickness - Bottom

Temperature (°C)

600
10 °C/s
1/4 thickness

500

400

300
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100

0
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90

110
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Time (s)
Fig. 4.25 Measured cooling curves for a carbon steel plate of 50 mm thick, by four
thermocouples at depths of 1.5 mm and 1/4 of thickness from the top and bottom surface,
with a water flow rate of 170 ℓ/min and all 24 top and 24 bottom cooling banks open, and a
plate velocity of 13 m/min.
Plates with a thickness of 18 and 20 mm were used. The water flow rate was 135 to
180 ℓ/min, and the initial cooling temperature (Ti) 770 to 790°C. The calculated and
experimental values of the cooling rates were close with a small average deviation of
0.9°C/s, except test #2 which had a lower cooling rate than simulated with a larger
deviation of 2.5°C/s. This behavior is possibly due to a malfunction of the cooling bank
supplying a smaller water flow than set, and hence resulting in a lower cooling rate. It is
important to point out that usually a discrepancy of ± 3°C/s is acceptable, because this does
not cause large differences in the formation of microstructures. The maximum difference
between experimental and calculated final cooling temperatures was 3.6% (#1), 10.6%
(#2), 3.7% (#3) and 1.3% (#4) of the difference between initial and final temperature. These
small differences show the good agreement between model and the real process.
The procedure to estimate the experimental cooling rate is: (i) the laser sensors at the
entrance and exit of the cooling zone record the cooling time of the plate, (ii) the thermal
camera at the entrance of the cooling zone records the average temperature of the plate
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surface (iii) another thermal camera at the exit of cooling zone records the highest
temperature found on the plate surface, (iv) the average cooling rate is obtained by dividing
the difference between the initial and final temperature by the time spent in the cooling
zone. However, after the cooling process the plate surface has the lowest temperature, as
shown in Fig. 4.25. Therefore, it is necessary to wait a recovery time until the surface
reaches its maximum temperature. Fig. 4.26 shows the thermal image of the plate surface at
the entrance (a) and exit (b) of the cooling zone for test #1.
Table 4.2 Comparison between experimental and simulated results.
Experimental
Calculated
Test

Thickness
(mm)

Top flow rate
(ℓ/min)

Bottom flow rate
(ℓ/min)

Ti

Tf

Rate

Rate

Tf

( C)

( C)

( C/s)

( C/s)

( C)

1

18

135

135

770

494

24.5

25.4

484

2

18

135

135

790

527

23.4

25.9

499

3

18

150

150

780

376

34.8

36.0

361

4

20

180

180

780

154

44.0

44.5

146

The surface presents a good quality and low superficial oxidation, which enables an
accurate temperature reading. The initial cooling temperature (Ti) is taken as the average of
the surface temperature within the rectangle area made by the thermal camera and
represented by the black line in the figure. As shown in Fig. 4.25, the temperature across
the plate thickness is uniform. Therefore, the surface temperature can be taken as the initial
cooling temperature. For the final cooling temperature (Tf) the maximum surface
temperature found within the rectangular area at the exit of the cooling zone after the
recovery time was chosen, as shown in Fig. 4.26. As mentioned above, oxide scale spots
can cause colder areas on the plate surface and disturb the temperature reading. That is the
reason to use the maximum surface temperature as the final cooling temperature, which
after recovery time represents the uniform temperature across the plate thickness (see Fig.
4.25).
4.3.3

High-grade pipeline steels resistant to HIC via accelerated cooling

Offshore oil and gas are being extracted at ever greater depths in hard conditions and
under high pressures. The oil industry demands pipes with larger diameters, smaller wall
thicknesses that operate under high pressure, in order to increase the production. For that
reason, pipeline steel needs to be strong, while maintaining an adequate balance of
ductility, formability, toughness, weldability, and resistance to hydrogen induced cracking
(HIC) due to the presence of H2S in oil. Therefore, a study [12] to develop API 5L pipeline
steel resistant to HIC via accelerated cooling was carried out at pilot-scale. Traditional
high-grade pipeline steel needs more alloy additions, such as Mo, Cr, and Ni, in order to
improve its mechanical properties and via accelerated cooling process the alloy cost is
reduced.
Ingots of 50 kg and 135 mm thick were hot rolled up to a plate thickness of 20 mm,
about 2000 mm long followed by accelerated cooling at rates of 8 to 35°C/s. Ingots
corresponded to alloys of Mo, CrMo, CrNi, CrNiMo and low Mn-CrNiMo.
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a

b

Entrance

Exit

Fig. 4.26 Thermal image of the plate of 18 mm thick from test #1 (a) at the entrance and (b)
exit of the cooling zone.
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Fig. 4.27 Yield stress for alloys of Mo, CrMo, CrNi, CrNiMo and low Mn-CrNiMo, with
finishing temperatures of 800°C, submitted to a cooling rate of 8 and 25°C/s compared to
minimum required values by API X65, X70, and X80.
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For hot rolled plates followed by accelerated cooling at 8 and 25°C/s, pipeline steel
X65, X70, and X80 grades was obtained in accordance to the API standard with different
alloys: (i) X65 (8°C/s - CrMo, CrNi, and low Mn-CrNiMo), (ii) X65 (25°C/s – CrNi), (iii)
X70 (8°C/s – Mo), (iv) X70 (25°C/s - Mo and CrNiMo), (v) X80 (25°C/s - low MnCrNiMo). These steel samples showed no resistance to hydrogen induced cracking (HIC).
However, for samples with higher finishing temperatures, followed by cooling at 20 and
35°C/s, steel X65 and X70 resistant to HIC were obtained: (i) X65 (20°C/s - CrNi) and (ii)
X70 (15°C/s - low Mn-CrNiMo; 20°C/s - CrMo; 35°C/s - low Mn-CrNiMo). Fig. 4.27
shows the measured yield stress for plates with alloys of Mo, CrMo, CrNi, CrNiMo and
low Mn-CrNiMo submitted to a cooling rate of 8 and 25°C/s, and the minimum required
values by API X65, X70, and X80. All alloy compositions met the yield stress requirements
for X65 steel, seven of them for X70 and two for X80. The increase of yield stress at higher
cooling rates and also the influence of the alloy in the mechanical properties are clear. This
study showed that the addition of molybdenum (Mo) or an increase of the cooling rate
promotes an improved strength and a microstructural refinement. This demonstrates the
capability of accelerated cooling in the alloy cost reduction. The benefits of accelerated
cooling in alloy cost reduction in X80 steel production were also investigated by Zhou et al
[4] who obtained very similar microstructures and mechanical properties in low-Mo steel
produced by cooling at 65°C/s and in the high-Mo steel produced by cooling at 22°C/s.
The sequence of rolling and cooling a plate is shown in Fig. 4.28 and Fig. 4.29. Fig.
4.28-a shows a plate 20 mm thick and 2000 mm long after the last pass through the rolling
mill. Fig. 4.28-b shows the beginning of the plate cooling process at the entrance of the
accelerated cooling system, where the dark zones are formed instantly after the water jet
impinges on the superheated surface. As explained in Chapter 2 and 3, inside the dark zone
the liquid is in direct contact with the superheated surface resulting in a high heat flux.
Outside zone, the film boiling regime occurs with lower heat flux than in the dark zone.
The nozzles ensure a continuous laminar water jet until it reaches (?) the plate surface and
this guarantees the best performance in heat removal capacity, as mentioned in Chapter 2.
The plate submitted to alternating sequence cooling is shown in Fig. 4.29-a. In order to
guarantee a cooling rate of 8°C/s one cooling bank was switched on while three of them
were off. Fig. 4.29-b shows that the flatness of the plate was ensured by the homogeneity of
the cooling on both faces of the plate. Fig. 4.30 shows thermal images with monitoring
points along the plate surface at (a) the entrance and (b) the exit of the cooling zone.
For long plates, monitoring points are needed in order to verify the evolution of the
temperature drop (at the entrance) or recovery (at the exit) and to monitor discrepancies on
the plate surface, such as initial cooling temperature outside specification, or to determine
sample withdrawal sites to carry out mechanical or microstructural tests after the cooling
process. Note that a cold spot caused by the presence of surface oxide can easily be
identified by a thermal image, as shown in Fig. 4.30-b. An oxide scale on the plate surface
is shown in Fig. 4.31. This scale was formed during the heating process of the plate and
was not removed before the start of the cooling process. It causes a reduction of the cooling
rate in this region due to the locally very low thermal conductivity and, therefore, this
region has to be avoided to sample withdrawal for mechanical or microstructural tests.
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a

b

Fig. 4.28 (a) 20 mm thick and 2000 mm long plate after hot rolling; (b) Onset of the plate
cooling process at the entrance of the accelerated cooling system, where the dark zones are
formed instantly after the water jet impinges on the superheated surface.

4.4

Conclusion

A pilot-scale accelerated cooling system has been designed, constructed and tested.
This system is large enough to perform state-of-the-art research and to develop processes
and materials at industrial production conditions, and thereby minimizes costly
development trials at production mills. The system promotes uniform and symmetrical
cooling between the top and bottom plate surface, having the flexibility to adjust the
cooling strategy according to initial and final temperatures, cooling rates of 10 to 100°C/s,
plates 600 to 2000 mm long, and 3 to 50 mm thick, and plate velocity up to 60 m/min. It
has a cooling section of 6000 mm long, water temperature control between 10°C and 22°C,
and water flow capacity of 720 m3/h. The temperature is monitored by a thermal camera
and a mathematical model is applied to simulate the cooling process. The successful
operation of the system has been demonstrated by several cooling tests used for the
development of new products that provide parameters for industrial scale production.
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a

b

Fig. 4.29 (a) Plate submitted to alternated cooling and (b) plate with the initial flatness
maintained after cooling process.
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Fig. 4.30 (a) Thermal images with monitoring points along the plate surface (a) at the
entrance and (b) at the exit of the cooling zone.

Oxide
scale

Fig. 4.31 Plate at cooling zone exit showing an existing oxide scale formed before the start
of the cooling process.
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5

5 Effect of air concentration in the water on
quench cooling of steel plates

An experimental analysis of boiling and degassing phenomena during the quenching of
a high-temperature (~750°C) circular steel plate by a round water jet at 30°C at various air
concentrations in the range 0.2 – 16.5 mL/L has been carried out. The inverse heat
conduction method gave the heat flux at the plate surface from temperatures measured with
thermocouples inserted in a steel plate. Vapor and air bubbles were measured by high-speed
imaging (30,000 fps) through the water jet, yielding top views of the impingement zone of
the jet. Decreasing the air concentration decreases the number and average size of gas
bubbles observed during the film-boiling regime. Air entrapment during touchdown of the
water jet plays a negligible role. With the present set of data, no notable effect of the air
concentration on heat transfer is found, but further tests are required..

This Chapter is substantially reproduced from a submission to International Journal of
Heat and Mass Transfer by K.T. van Kempen1, H. Leocadio, G.J.M. Priems, C. W. M. van
der Geld, B. van Esch, M. Bsibsi.
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5.1

Introduction

Jet impingement quenching has high cooling potential and it is used as an effective
mean of cooling in many industrial applications involving rapid cooling and better control
of temperature in emergency core cooling of nuclear power plants [1, 2, 3]. It is extensively
used for controlling the mechanical and metallurgical properties in the manufacturing
processes using relatively simple equipment [4, 5, 6]. Accurate temperature control during
processing of hot strip mill on the runout table is the most critical process to ensure
mechanical properties and obtain the desired grain structure, where the surface temperature
and heat flux are typically very large and acceptable cooling times are relatively short, with
cooling rate over 100 K/s. For a hot strip mill, the finishing and the coiling temperatures are
between 800 - 950°C and 510 - 750°C, respectively [7].
After decades of wide utilization, the entire heat transfer process of jet impingement
quenching remains not fully understood because during quenching of high temperature
solids, different cooling modes such as film boiling, nucleate boiling, transition boiling
coexist on the solid surface and these modes change with time. Those modes depend on
geometry, subcooling, and flow conditions of jet besides of the impinging surface condition
and temperature. That has been driving researchers and scientists to carry out both
analytical and experimental investigations for a clear understanding of the quenching
phenomena [8 – 12]. Actually, the rapid cooling is obtained when rewetting (solid-liquid
contact) is established, as previously reported in Chapter 2. Where rewetting was visually
and experimentally proved to occur on surface temperatures beyond the water critical point
(374°C) for highly subcooled water jet and large superheated surface (450°C ≤ Ti ≤ 900°C;
30K ≤ ∆Tsub ≤ 80K). For the first time, it was observed with great surprise the presence of
gas bubbles during film boiling prior to rewetting takes place in jet quench tests in Chapter
3.
The present work aims to conduct a visual, experimental and numerical study of
quenching of a round subcooled water jet impingement on a very high temperature steel
plate, recording high-speed images at the impingement zone from the top (looking inside
the liquid jet) and by side, for a complete understanding of the influence of air content in
water on heat transfer behavior during the quenching of a hot steel plate, as well as, if the
gas bubbles observed resulted from a degassing process. The effects of air concentration
(0.2 - 16.5 mL/L) on the heat transfer regimes were analyzed by means of the transient
inverse heat conduction method what predict the heat flux and surface temperature on the
impinging surface from temperatures measured with thermocouples inserted in test plate. A
high-speed video camera, at a rate of up to 30,000 fps, was employed during the
impingement of a circular water jet of 9 mm, at 30°C with velocity of 2.45 m/s on a 750°Cpreheated stainless steel plate.

5.2
5.2.1

Experimental set up and procedures
Test rig with borescope

Although this equipment also uses a borescope which yields top views from the jet
impingement zone, it mainly differs from that presented in the Chapter 3 due to its
measurement system of non-condensable gasses dissolved in water and a larger 99 mm circular plate instrumented with 12 thermocouples. This larger test plate allows evaluating
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the heat transfer behavior farther from the impingement zone. The main components of the
experimental apparatus used for investigation of the effect of the concentration of dissolved
air in the cooling water on heat transfer behavior during quenching of hot stainless steel
plate is outlined in Fig. 5.1.
Air
p

C
G1

C

F

Water
Cair

B

Subsystem
Tw
A
G2
D
H
I
J

E

Fig. 5.1 Outline of the experimental apparatus.

Fig. 5.2 Schematic representation of the working principle of a total dissolved gas pressure
meter (TGM).
The water tank (A) has inlets for water and compressed air supply, to control the
internal pressure. A 4.5 kW heater (B) is applied to control the water temperature. A pump
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is used for circulation of the water to provide mixing and uniform water conditions. In the
subsystem connected to this pump, the concentration (Cair) of inert gasses in the water is
controlled. The tank is suspended from a frame on three ﬂanges, spaced with a 120° angular
distance. In all ﬂanges a load cell (C) is connected, measuring the mass of the tank. When a
pneumatic valve at the bottom side of the tank is opened, the water ﬂows out through a
circular nozzle (D) with a diameter of 9 mm. Based on the mass reduction the jet velocity is
calculated. While the water jet impinges on a hot test plate (E) the internal plate
temperature is measured by thermocouples. The test plate is positioned on top of an
insulation plate in a container, below the center of the nozzle. A unique aspect of this setup
is the borescope (F), allowing the top view of the jet impingement surface through the
impinging water jet by recording with a high speed video camera (G1) connected to the
borescope. A secondary high speed video camera (G2), recording the water jet by side. At
the bottom of the water tank an array of LEDs (H) is positioned to provide illumination for
the camera recordings. The water temperature, internal test plate temperature and load cell
data are acquired using data acquisition modules, which are situated in an electrical cabinet
(I). This electrical cabinet also supplies the power for all electrical components in the
experimental setup. A computer (J) is connected to the data acquisition system. There is a
synchronization of the temperature and load cell data and the camera recordings. The data
for the pressure and air content in the water are acquired separately. The jet velocity is
controlled by pressure in the water tank. The water temperature is controlled by the heater.
Fig. 5.2 shows a schematic representation of the working principle of the TGM (total
dissolved gas pressure meter) which is used to measure the concentration of dissolved air,
i.e. non-condensable gasses, in the water. Water flows along a semi-permeable membrane,
which is only permeable to gasses. At the top side of the membrane, in the TGM chamber,
only water vapor and air arises. Since water must flows through the membrane, the TGM is
placed in the subsystem, as showed in Fig. 5.1.Two digital video cameras are used to make
high speed recordings during the cooling process. The first high-speed camera captured
images of the jet impingement quenching looking from the top into the water jet up to
30,000 fps. The second high-speed camera captured images the jet impingement quenching
looking by side at 1,000 fps.
The test plate has a diameter of 99 mm with a height of 10 mm and it was heated to the
test temperature in an electrical oven. The plate material chosen was the type 304 stainless
steel (SS), to prevent the formation of peeling of oxide scale and eliminate the unstable and
noticeable amount of heat generation caused by phase transformation during the cooling
process which leads to the occurrence of a peak in specific heat in carbon steel. This
phenomenon affects the temperature reading during the quenching process. Those peaks
can occur at different temperatures during the cooling, which could affect the analysis of
the results. The 304 SS has a linear variation in specific heat when compared carbon steel.
Table 5.1 shows the thermal properties of the 304 SS for temperatures between 27 and
927°C used in inverse heat conduction model.
The austenitic stainless steel (type 304, 310, 316, 314, etc) has a high chromium
content. Its resistance against high temperature oxidation is ensured by the formation of
protective chromium oxide layer on its surface during the heating up. Even though 304 SS
has been used in the test plate, a large oxidation scale was observed in the present study due
to long heating process of the test plate for 4.5 hours. Before each experiment, the
impinging surface was sanded with # 1500 grit sandpaper. However, the use of #1500 grit
sandpaper was not sufficient to remove the oxide scale and, therefore, enlarged after each
test.
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Table 5.1Thermophysical properties of the 304 SS.
T (ºC) cp (J/kg.K) ρ (kg/m3) k (W/m.K)
27
127
327
527
727
927

447
515
557
582
611
640

7900
7859
7774
7685
7582
7521

15.2
16.6
19.8
22.6
25.4
28.0

The measured arithmetic mean roughness (Ra) at the impingement zone surface, after
quenching tests, was found to vary from 0.17 to 0.78 µm. For the new plate, the surface had
a Ra = 0.17 µm. Three holes, of 1.1 mm in diameter, were drilled from the bottom surface
of the test plate to a depth of 9 mm, which brought the end of hole to within 1 mm of the
top plate surface. The holes are located along the radius of the test plate with a spacing of 9
mm. Grounded K-type thermocouples, 1 mm in sheath diameter were fixed into the holes.
The sheath is made of the same material of the test plate, in order to reduce the different
thermal behavior inside the plate. A small amount of high temperature thermal conductive
paste was inserted into the hole to provide a good thermal contact between the
thermocouple and the steel plate. The temperature history from the thermocouples was
acquired at rate of 50 Hz during quenching. Within a confidence level of 95%, the
uncertainties of measured temperatures were ± 0.3%, at the dimensions and positions were
± 0.05 mm, of the measured time was ± 0.01 s, and the heat flux was estimated to be ± 5%.

5.2.2

Experimental procedure

The plate temperature history during cooling was measured with twelve thermocouples
inserted into the test plate. The K-type thermocouples, with diameter of 1 mm, were
inserted and located, as shown in Table 5.2. The thermocouples located at radial distances
(r) 0, 6, 12, 18, 26, 35, and 45 mm and placed 1 mm (z = 9 mm) below the top surface were
used in the inverse heat transfer analysis. The extra thermocouples were placed to verify the
temperature distribution in the vertical direction. From the top view, θ is positive in
clockwise direction.
Table 5.2 Cylindrical coordinates of the thermocouple locations (r, θ, z). Coordinates (0, 0,
0) represent the central point on the bottom surface of test plate.
TC

T1

T2

T3

T4

T5

T6

T7

T8

T9

T10

T11

T12

r [mm]

0

6

12

18

22

26

30

35

40

45

15

40

θ [°]

0

180

120

60

0

300

240

180

120

60

240

0

z [mm]

9

9

9

9

9

9

9

9

9

9

3

5

Table 5.3 shows the test conditions in chronological order. Six measurements were
carried out and analyzed: Experiment 1.1, 1.2 and 1.3 correspond to the experiments with
degassed water and Experiment 2.1, 2.2 and 2.3 correspond to the experiments with non95
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degassed (normal) water. The concentration of dissolved air (C air) in the degassed water
was aimed to be as low as possible and it was not controlled in the normal water. The
oxidation on plate surface was more evident for the least test (Exp 1.3).
Table 5.3 Test conditions in chronological order.
1st

2nd

3rd

4th

5th

6th

Experiment

1.1

1.2

2.1

2.2

2.3

1.3

Cair [mL/L]

0.2

0.3

13.0

16.5

9.5

0.4

Ti [°C]

767

765

747

739

761

766

Order

For all tests, the water jet temperature was 30°C (ΔT sub = 70K), the impinging jet
velocity was 2.45 m/s, and the impinging jet diameter was considered to be 9 mm. The test
plate was heated up in an electrical oven until the initial test temperature of 800°C and
placed at test position right under the nozzle. The test plate was carried by a container
which can slide over rails to move the test plate from the oven to the test position under the
nozzle. The test plate lies on a 30 mm thick plate of vermiculite, acting as an insulation
plate, to avoid heat losses to the surroundings via the bottom surface. The test plate losses
heat to the environment by radiation and convection, and due to the time spent to withdraw
the plate from the oven to the test position and wait for the quenching to start.
5.2.3

Inverse heat conduction analysis

Similarly to inverse heat conduction analysis carried out in Chapter 3, section 3.2.5, the
internal temperature history of the test plate registered by thermocouples was used to
determine the unknown heat ﬂux and temperatures on the quenching surface. To estimate
the heat ﬂux and temperature distribution along the quenching surface, a successfully
applied [7, 12, 13, 14, 15] commercial inverse heat conduction software, INTEMP, was
used varying the thermal properties of material. This is an important characteristic because
it avoids errors up to about 20% in estimating the surface heat flux for the fast and big
temperature changes occurring in quench cooling [18]. INTEMP uses the dynamic
programming method to solve the nonlinear inverse heat conduction problem with the finite
element method. It uses the Crank–Nicolson formulation to solve the heat conduction
model, together with a regularization term used to minimize the error in estimated fluxes.
The temperature boundary condition at bounding surfaces other than the top of the plate is
prescribed. The surface heat fluxes assumed at the top of the plate are subsequently
modified by a nonlinear optimization technique to minimize the error between the
measured temperatures and the predictions. Convergence is reached once the heat flux
reaches the optimum value. The methodologies of modeling and computations were
detailed by Trujillo and Busby [16, 17].
Fig. 5.3 shows axisymmetric projection of the test plate with thermocouples and
definitions of the heat flux zone. The impingement surface was divided into seven unknown
heat flux zones: r 1 = 0 to 3 mm (Zone 1); r2 = 3 to 9 mm (Zone 2); r3 = 9 to 15 mm
(Zone 3), r4 = 15 to 22 mm (Zone 4); r5 = 22 to 30 mm (Zone 5); r6 = 30 to 40 mm
(Zone 6), r7 = 40 to 49.5 mm (Zone 7).
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40
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r (mm)

Fig. 5.3 Axisymmetric projection of the test plate with thermocouples and definitions the
heat flux zone.
The measured temperature histories are given as input at the nodes corresponding to
the position of the thermocouple (T1, T2, T3, T4, T6, T8, T10) inside the steel plate located
at 1 mm from the top surface and at radial position as shown in Table 5.2. A 2D
axisymmetric finite element model was used in the present study for the numerical analysis.
The model had 49.5 mm radius, 10 mm thickness with quadratic elements of 0.5 x 0.5 mm²
and 0.5 x 0.2 mm², respectively, with 4-nodes per element as showed in Fig. 5.4. The
0.5 x 0.2 mm² elements filled the first 4 mm from the top surface with finer elements in the
vertical direction in order to enhance the numerical analysis, because of the fast time
response needed close to quenching surface. For boundary conditions, the faces of the plate
without jet impingement were considered adiabatic, since the radiation and free convective
heat transfer quantity at those surfaces are much less than the one at the impingement side.
Temperature-dependent thermal properties of 304 SS, shown in Table 5.1, were used in the
present numerical model to avoid the large errors found in the predicted heat flux when
constant thermal properties are used.

4 mm

6 mm

r = 49.5 mm

Fig. 5.4 2D axisymmetric finite element model divided into seven unknown heat flux
monitoring zones on top plate surface.

5.3
5.3.1

Results and discussion
Visual observations

Fig. 5.5 shows the successive stages prior to and following touch-down of the water jet
with Cair = 0.2 mL/L on plate surface at 767°C of experiment 1.1. The inserts depict
schematics of the liquid-gas interfaces in the central cross-section based on the recordings.
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The top view recordings at the impinging zone, from experiment 1.1, can be seen in Fig.
5.6 and the red line drawings support the borescope images.
Fig. 5.5-a and Fig. 5.6-a show the test plate just before the moment of impingement.
The bottom side of the water jet has the shape of a bulb, as shown in Fig. 5.5-a. At the
moment of the impingement (Fig. 5.6-b), a light ring appears in the top view. This light ring
is formed due to the bottom irregular surface of jet before it impinges on the plate surface.
The light ring is the portion of the bottom jet which is contacting the plate surface,
producing vapor blanket (film boiling) and, thus, keeping the water jet separated from the
hot surface. On the light ring area can be seen many very small white disks on film boiling.
Those small white disks are gas bubbles coming as a result of a degassing process which
will be explain ahead. The area inside and outside the light ring is dry and none white disk
is observed.
When the film boiling breaks down, and direct liquid-solid contact occurs, termed
rewetting, the wet areas appear, as shown in Fig. 5.6e - Fig. 5.6g. The small white disks that
are visible in the light area (Fig. 5.6b - Fig. 5.6d) are gas bubbles in the water, on top of the
vapor film. Due to the fact that those bubbles never condense, some coalesce increasing in
size, and they all keep their hectic movement until they move outward from the visible
impingement zone, it was concluded that such bubbles are made of gas instead of vapor.
The white disk that appears on the location where the inner area of the initial light ring
disappears (Fig. 5.6d) is also an air bubble. This explains the dark disk from Fig. 5.6b & c:
in this area the surface is initially not touched by the impinging jet, as it occurs in the light
ring, but air is entrapped between the jet and the surface. This air is compressed and is
subsequently caught in the bubble shown in Fig. 5.6d.
Vapor bubbles originate initially on the liquid-vapor interface, and later on the liquidsolid interface. A vapor bubble at the liquid-solid interface has a foot on the surface and
optically acts as a magnifying glass that enlarges the dry area of the bubble foot [19], such
as observed in Chapter 3, section 3.3.3. As a result, bubbles footed have a black disk inside
and white disks do not have. This is clearly the case with the vapor bubbles appearing in the
rewetted areas (Fig. 5.6e - i). Vapor bubbles grow by coalescence or expansion due to
evaporation and are lifted off from the surface, as a result of buoyancy or liquid flow, and
subsequently, they condense into subcooled liquid. Air bubbles never condense and only
disappear when they move out of visible zone. In the initial stages of the appearance of the
vapor film (light area), only gas bubbles are observed, as a result of degassing of the water.
If direct liquid-solid contact would have occurred, vapor bubbles would have appeared
from the initial phase. Rewetting is visible from the recordings of both cameras. The
images from the borescope camera show that the rewetting of the stagnation zone starts
around t = 0.15 - 0.16 s (Fig. 5.6e - Fig. 5.6g). Instances later, when the dark zone in the
stagnation zone appears and spreads radially, rewetting is also visible from the secondary
camera. Recordings from the borescope show that rewetting may occur on several locations
simultaneously. The rewetted areas have an irregular shape and are stable, i.e., once an area
is rewetted, liquid-solid contact is retained.
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(a) t = 0

10 mm
(b) t = 2 ms

(c) t = 4 ms

(d) t = 77 ms

(e) t = 197ms

Fig. 5.5 Successive stages prior to and following touch-down of the water jet with
Cair = 0.2 mL/L on plate surface at 767°C (Exp 1.1). The inserts depict schematics of the
liquid-gas interfaces in the central cross-section based on the recordings.
Fig. 5.7 shows the gas bubbles behavior in the water, on top of the vapor film, during
the film boiling regime for air concentration in water of 0.3 mL/L (Fig. 5.7a) and 9.5 mL/L
(Fig. 5.7b). The red circles in the lower images were used to highlight the gas bubbles in
order to easily locate them. As abovementioned, due to the fact that those bubbles never
condense, some coalesce increasing in size, and they all keep their hectic movement until
they move outward from the visible impingement zone, it was concluded that such bubbles
are made of gas instead of vapor. Many small gas bubbles were visualized in low air
concentration of 0.3 mL/L (Fig. 5.7a) and the largest sizes were around of 0.4 mm, while
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many large gas bubbles were visualized in high air concentration of 9.5 mL/L (Fig. 5.7b)
with sizes as lager as 1.4 mm.

3 mm

Fig. 5.6 Selected recordings by the Borescope camera looking through the jet from above;
Cair = 0.2 mL/L. Times correspond to those mentioned in Fig. 5.5.
These bubbles are formed as a result of coalescence of smaller gas bubbles. The gas
bubbles are a result of a degassing process of the water during film boiling. Once wetted
the hot surface, the gas bubbles were not visualized. Therefore, it is not clear the reason for
stopping the degassing process during the nucleate boiling regime, once the surface
temperature remains elevated higher than critical point of water. Further studies will be
needed in order to clarify this phenomenon.

100

Effect of air concentration in the water on quench cooling of steel plates

3 mm

t=0

t = 5 ms
(a) Exp. 1.3 - Cair = 0.3 mL/L

t = 10 ms

3 mm

t=0

t = 4 ms
(b) Exp. 2.3 - Cair = 9.5 mL/L

t = 10 ms

Fig. 5.7 Gas bubbles on film boiling during quenching with different air concentration in
water: a) Cair = 0.3 mL/L; b) Cair = 9.5 mL/L.
It is clearly visible that the gas bubbles grow to bigger sizes in the case of higher air
concentration in the cooling water. The small gas bubbles visualized in low air
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concentration of 0.3 mL/L (Fig. 5.7a) could be gas bubbles entrapped on the plate surface
and on the bottom surface of jet, before jet impingement. Besides, they could be the result
of degassing process of remaining air concentration of 0.3 mL/L.
5.3.2

Heat transfer analysis

Fig. 5.8 shows the radial distribution of surface heat flux as a function of time for
normal water (Cair = 13.0 mL/L) from Experiment 2.1. Once the liquid-solid contact
(rewetting) takes place in the impingement zone, the wetting front starts to move radially
outwards in the direction of fluid flow over the surface. Each thermocouple experiences an
increase in cooling rate as the wetting front arrives on its radial position.
Before the arrival of the wetting front, the heat flux is low. With its arrival, the surface
becomes wetted and the heat flux increases up to its maximum value, at its peaks, as shown
in Fig. 5.8. The peak of the surface heat flux curves is termed as the maximum heat flux,
qmax. The maximum heat flux is similar to the critical heat flux in steady state pool boiling.
The maximum heat flux position always lies within the wetted region [20, 1]. After each
maximum heat flux is reached, the heat flux curves decrease with the same slope,
decreasing almost together. As the wetting front velocity (V w) decreases, the wetting front
grows radially outwards and the peaks are delayed in radial positions due to delay in
wetting front arrival. The time required to occur the qmax between r = 6 and 12 mm is 0.1 s,
and between r = 12 and 18 mm is 0.3 s, i.e. three times more to cover the same radial
distance. The same behavior was also observed in others studies [20, 1, 7]. The reduction in
the wetting front velocity happens because as the water travels radially outwards, it receives
heat from the hot surface, reducing its subcooling. With a lower subcooling, its ability to
condense vapor bubbles is also reduced into the wetting front edge. Thus, a higher radial
velocity promotes an increase in bubbles removal from the surface and enhance liquid-solid
contact, consequently, increasing the heat transfer capacity. Karwa et al. [1] demonstrated
that the wetting front velocity increases with the jet velocity and subcooling. Radial
distribution of surface the heat flux as a function of time was observed to have same
behavior for all experiments in the present study.
The maximum heat flux peak occurred practically at the same time, at r = 0 and 6 mm,
possibly because of the rewetting process takes place at the same time on both radial
positions. As visualized in Fig. 5.6, the rewetting can start in anywhere. The maximum heat
flux was observed be higher at r = 6 mm than at r = 0, i.e., the stagnation point. However,
the surface heat flux curve is shifted to right on the time scale with reduced magnitude of
the maximum heat flux for all radial locations away from the stagnation point.
The maximum pressure occurs at r = 0 due to the dynamic contribution of the
axisymmetric impinging jet [21, 22]. With increasing radial distance, the pressure decreases
to the ambient value at r / dj = 1.28, i.e. r = 11 mm. On the other hand, the radial velocity
(Vr) is zero at the stagnation point (r = 0) and it increases with increasing radial distance
following the correlation Vr / Vj = 0.78(r / dj) for 0 ≤ r ⁄ dj ≤ 1.28 [21, 22]. This way, at r = 0
and 6 mm (r / dj = 0.7), the radial velocities are 0 and 1.3 m/s, respectively. Thus, a higher
radial velocity promotes an increase in bubbles removal from the surface and increase the
heat transfer, which in turn the cooling capacity. At r = 12 mm and the next radial
positions, even though the radial velocity is higher, the water has reduced its subcooling
and mass flow, consequently, reducing its cooling capacity. This explains the reduction in
the magnitude of the maximum heat flux for all radial locations away from the stagnation
point. Similar behavior for surface and maximum heat flux in jet impingement quenching
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was reported by others studies [3, 1, 23, 2]. Mozumder et al.[23] used copper, brass and
carbon steel surfaces at initial temperature of 250–400°C, and Hall et al.[2] with copper
surface preheated at 650°C.
6

qmax

Normal Water
Cair = 13.0 mL/L

r = 6 mm
5

Ti = 747°C

Heat Flux, MW/m²

r=0
4
r = 12 mm
3
r = 18 mm

2

r = 26 mm
r = 35 mm

1

r = 45 mm

0

0.01

0.1

1

10

Time, s

Fig. 5.8 Radial distribution of surface heat flux at "r" position as a function of time for
normal water with Cair = 13.0 mL/L for Experiment 2.1.
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Fig. 5.9 Comparison of the boiling curves for degassed and normal water.
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Fig. 5.9 shows the comparison among boiling curves at position of r = 0 for different
air concentration in the water impinging jet. For degassed water with air concentrations of
0.2, 0.3, and 0.4 mL/L, the initial surface temperatures were 767°C, 765°C, and 766°C,
respectively, and for normal (non-degassed) water, with air concentration of 9.5, 13.0, and
16.5 mL/L, the initial surface temperatures were 761°C, 747°C, and 739°C, respectively.
The transition boiling regime starts at each respective T i and each heat flux increases until
to reach its maximum value at qmax. Hereafter, the heat flux starts to reduce passing through
nucleation boiling and single-phase regimes. The inflection of boiling curve indicates the
change from nucleate boiling regime to single-phase regime as demonstrated in [7].
Due to the quenching process has started at different initial surface temperatures, the
beginning of transition boiling curves are not overlapped and each one starts at its
respective initial surface temperature. The heat fluxes increase while the surface
temperatures decrease. The curves have a steep climb at the onset of cooling and a less
sharp slope just before reaching the peak at maximum heat flux. This interval is considered
the transition boiling regime. The nucleate boiling regime begins just after the maximum
heat flux has been reached, and both heat flux and surface temperature decrease. All boiling
curves present the same slope down from their maximum heat fluxes and remain
overlapped up to surface temperature of 100°C. Therefore, demonstrating no influence of
air concentration on the heat flux curves for nucleate boiling and single-phase regimes.
Table 5.4 shows the comparison among maximum heat fluxes for degassed and normal
water in chronological order. Even though the small differences among initial surface
temperatures, which can affect the qmax [7, 12], the maximum heat fluxes presented close
values raging 4.7 to 5.0 MW/m² for both degassed and normal water, except for the 1 st
experiment where qmax = 6.2 MW/m². For all experiments, the qmax differences fell within
an uncertainty of ± 5% estimated for the present study, except for the first experiment.
Maybe, the high qmax in the 1st experiment could be attributed the better surface conditions.
As the oxide film was not appropriately removed after the quenching tests, the later
experiments had a thicker oxide layer than the 1st experiment. A thick oxide layer, lager
than 30 µm, can act as thermal insulation and influence the heat transfer in quenching
process [24]. In Chapter 3, for an oxide layer up to 2 µm, was demonstrated has no
influence in the heat transfer. The oxide layer in the present study was estimated in less
than 3 µm and, consequently, could not be considered as an insulator.
Table 5.4 Comparison among maximum heat fluxes for degassed and normal water in
chronological order.
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1st
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3rd

4th
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Ti [°C]
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6.2
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4.8

4.9

4.9

Tmax [°C]

619
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Cair [mL/L]

0.2

0.3

13.0

16.5

9.5

0.4

Type

Degas.

Degas.

Normal

Normal

Normal

Degas.
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On the other hand, the 2nd experiment (Ti = 765°C; Cair = 0.3 mL/L) and the 1st
experiment (Ti = 767°C; Cair = 0.2 mL/L) had similar conditions of surface, Ti, and Cair, but
the first experiment had a qmax 24% higher than the 2nd experiment. Therefore, the oxide
layer was not the factor which caused the lower qmax in the 2nd experiment. Hence, the fist
experiment should be treated separately from the others experiments. The last two
experiments can be used to compare the air concentration effect in the q max because of
similar conditions of surface and Ti and large difference in air concentration. The 5th
experiment (Ti = 761°C; Cair = 9.5 mL/L) and the 6th experiment (Ti = 766°C;
Cair = 0.4 mL/L) had qmax values
equals to 4.9 MW/m². Based on boiling curves of Fig.
5.9, where they remain overlapped from qmax until the end of single-phase, and the
maximum heat fluxes, shown in Table 5.4 where they were considered equal because fell
within the uncertainty of 5%, the air concentration has demonstrated none influence on
boiling curve.
Fig. 5.10 shows the cooling curves at r = 0 for different air concentrations. The cooling
starts at 0.1 s for all experiments. The filled markers represent the degassed water
experiments at initial temperatures of 767°C, 766°C and 765°C for air concentration of 0.2,
0.4 and 0.3 mL/L, respectively. The open markers represent the normal water experiments
at initial temperatures of 747°C, 739°C and 761°C for air concentration of 13, 16.5 and
9.5 mL/L, respectively. Even though the initial surface temperatures have caused
differences at the beginning of the cooling curves, all curves meet at the surface
temperature around 650°C and remain overlapped until the surface temperature around
70°C. The experiment for Normal water with T i = 761°C which is closer to the higher
initial temperatures demonstrated a cooling behavior closer to the experiments for degassed
water with higher initial temperatures, indicating the no influence of gas content in the
cooling process. As shown in Fig. 5.9, after 600°C all heat flux curves remain together until
the end of single-phase regime. In both curves of cooling and heat flux, shown in Fig. 5.9
and Fig. 5.10, the heat transfer behavior seems not to be affected by air concentration.
Therefore, the air content in water has no influence on heat transfer behavior during the
quenching of a hot steel plate by an impinging subcooled water jet.

5.4

Conclusion

Boiling and degassing phenomena during the quenching of high temperature steel plate
by a circular subcooled water jet have been studied as a function of the initial air
concentration in the water. With views through the jet and with high-speed imaging it was
shown the reduction of the air concentration in the water reduces both the number and the
mean size of gas bubbles during the initial stage when film boiling occurs on the steel plate.
These bubbles are gas bubbles and not vapor bubbles because they do not condense and
only disappear by leaving the volume of observation. Boiling and cooling curves
demonstrated that the air concentration has no effect on the heat transfer behavior during
the quenching process.
It is not clear the reason for the degassing process occurs only during the film boiling
regime and stopping after rewetting takes place, once the surface temperature remains
elevated higher than critical point of water. Further studies will be needed in order to clarify
this phenomenon.
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Fig. 5.10 Cooling curves at r = 0 for different air concentration in water jet.
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6 Bubble penetrating liquid jets created by
nucleation

Although it is well documented [1, 2, 3, 4] that nucleate boiling is for a large part
governed by hydrodynamic interactions of nucleating and already created bubbles, the
understanding of such hydrodynamic interactions has received less attention. The present
study describes the formation and evolution of liquid jets in vapor bubbles as a result of
another vapor bubble nucleating in its vicinity. Although this kind of jet formation was
observed in a boiling channel in our laboratory [5], this is the first time it is reported for
water jet quench cooling under practical circumstances.

This Chapter is substantially reproduced from a poster presentation in 9th World Conference
on Experimental Heat Transfer, Fluid Mechanics and Thermodynamics, 2017, by C.H.M.
Baltis, H. Leocadio, C.W.M. van der Geld.

109

Chapter 6

6.1

Introduction

Liquid jet impingement boiling is used as an effective mean of cooling in many
industrial applications involving rapid cooling, such as, emergency core cooling in nuclear
power plants, metal industry and power dissipation in the micro-electro-mechanical devices
due to its high heat removal capacity. As demonstrated in chapter 2 and 3, higher heat
transfer rates from the jet impingement on high temperature surfaces are achieved on
nucleate boiling regime, after rewetting process has taken place. This regime is the most
widely used in general industry because very high wall heat fluxes can be achieved at low
superheats [4, 6].
Interactions between bubble formation and heat transfer enhancement in nucleate
boiling have been studied by several authors [1 - 4, 6]. Mukherjee and Dhir [4]
experimentally and numerically studied the bubble dynamics and heat transfer associated
with lateral bubble merger in nucleate boiling is studied. They reported that merger of
multiple bubbles largely increases the overall wall heat transfer and pointed out the
importance of understanding of the underlying mechanisms associated with lateral bubble
merger and their effect on the overall heat transfer from the surface. Bonjur et al. [7]
studied of the merging of two or more bubbles into a single larger and concluded that the
coalescence of bubbles growing on three sites results in higher heat transfer than single-site
boiling.
Since, the existence of bubbly activity alters the liquid film flow as compared to jet
impingement cooling without boiling. This aspect is critical to the development of heat
transfer models for jet impingement quenching [8]. Therefore, understanding of the
interactions between bubble formations is important to predict nucleate boiling behavior.
The current study focuses on the inception and development of liquid jets penetrating
through an existing vapor bubble as a result of the nucleation of a second vapor bubble in
its vicinity. There are several circumstances in which jets and drops can be created in
already existing bubbles. This section shows that these circumstances may prevail in real
practice during water jet impingement quenching of a high temperature steel plate.

6.2

Observations in water jet impingement quench cooling on steel surface

Fig. 6.1 outlines the set-up with borescope used in chapter 3 for the investigation of
quench cooling phenomena during jet impingement on hot steel plates. Impinging water
jets are used for fast cooling because of their high heat extraction rate and the avoidance of
expensive additives with a large environmental footprint. Quench cooling is nowadays
extensively used for controlling mechanical and metallurgical properties in steel
manufacturing processes. Liquid jets are also used to control cooling rates in continuous
casting, extrusions, forging, solidification and other temperature dependent processes such
as emergency core cooling of nuclear reactors and cooling of micro-electro-mechanical
systems. We mimicked actual hot plate quench cooling in the laboratory by heating a
5x5 cm2 plate in an oven and put it under a water jet. A borescope allowed recording of
high-speed video recordings (20,000 fps) all through the water jet as a top view of the
impinging zone, which occurs directly underneath the jet. Thermocouples register the
cooling rate and with inverse heat analysis the heat fluxes and temperatures at the plate
surface during quenching are determined.
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Fig. 6.1 (a) Schematic of the test rig; (b) Schematic of cross section jet impinging on test
plate with thermocouples TC1, TC2, and TC3 located in line at radial positions (r).
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Fig. 6.2 Sequence of penetration of liquid jet in a pre-existing bubble during quench cooing
on a plate with initial temperature of 450°C; impinging cooling water jet temperature is
50°C and its velocity 1 m/s. The light reflected comes from an array of LED lights mounted
in a circular pattern around the falling jet (Fig. 6.1).
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A certain period of time after touch-down of the jet, rewetting of the plate surface
occurs and subsequently boiling bubbles grow at the wetted spots. Surprisingly, jet
penetration of an existing bubble by the fast growth of a nucleating bubble nearby is
observed under certain conditions during quench cooling; see Fig. 6.2. Since the jet
impingement quench cooling in this experiment closely mimics the actual circumstances
occurring during jet impingement quench cooling in the metal industry, the observation of
Fig. 6.2 shows that the phenomenon of jet penetration is important in common practice and
worthy to be studied in detail, because experimental and numerical studies demonstrated
that merger of multiple bubbles largely increases the overall wall heat transfer [4]. Fig. 6.2
shows inception and development of a liquid jet penetrating through a vapor bubble as a
consequence of the nucleation of a second bubble. The inner circle of light reflections in a
bubble is most likely at the sharply curved gas-liquid interface of the contact line of the
bubble. This pattern does not change position during volume changes of the bubble. In later
stages the boiling bubbles condense as the constant jet cooling lowers temperature
anywhere in the course of time. As far as we know, the phenomenon of liquid jet
penetration has never been observed in water jet impingement boiling before. Movies of the
top view obtained clearly show these phenomena. As always, stills extracted from movies
are more difficult to interpret, in particular when only top views are provided. For this
reason an artist impression of the side views are provided in Fig. 6.2.
Fig. 6.3 shows another example of jet penetration during quench cooling, this time
resulting in a bulge at the opposite side of the penetrated bubble. There are a whole variety
of jet penetrations that have been observed during quench cooling and the dedicated
laboratory study of Baltis [5] is devoted to the assessment of the precise process conditions
under which each of these jet types will occur. A typical result is given in the next section.
Siedel et al. [9] carried out an experimental study for pentane pool boiling, simplified
to the cases of boiling on two adjacent nucleation sites. Lateral coalescence has also been
observed with two bubbles of different sizes. However, the smallest bubble appeared that
was sucked into the biggest one. According to them, this phenomenon is due to a higher
pressure inside the small bubble than inside the big one.

6.3

Observations in a dedicated test stand

Fig. 6.4 shows the history of jet penetration as measured from the side with the aid of
special bubble generators. A liquid jet is clearly visible in the core of a vapor bubble
passing by a second bubble rapidly growing at a vertical wall. The similarity with the jet
formation observed in Fig. 6.2 is obvious. Various types of liquid jet penetration have been
categorized [5].

6.4

Conclusion

The formation and evolution of liquid jets in vapor bubbles as a result of another vapor
bubble nucleating in its vicinity has been shown to occur in water jet impingement
quenching on high temperature steel plate. This phenomenon is not reported or described in
existing literature of quench cooling. Future works is needed in order to describe properly
the influence of this phenomenon on heat transfer in jet impingement quenching, since
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experimental and numerical studies has demonstrated that merger of multiple bubbles
largely increases the overall wall heat transfer.

t=0

t = 0.05 ms

t = 0.10 ms

t = 0.20 ms

t = 0.25 ms

0.5 mm

t = 0.15 ms

Fig. 6.3 Sequence of penetration of liquid jet in a pre-existing bubble during quench,
resulting in bulge at the opposite end; see Fig. 6.2 for other data.

Fig. 6.4 Sequence of images of a type III jet. The time interval between consecutive images
is 0.15 ms and the size of the frame is 500x550 px2 which corresponds to 3.55x3.90 mm2.
Adopted from Baltis [5].
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7 Conclusions

This work aimed at understanding the heat transfer and boiling regimes in water jet
impingement quenching on a high-temperature steel surface. The main objectives of this
study were:
1. find a concrete explanation and the mechanism for the rewetting phenomenon
that takes place during the early stages of jet quenching at surface
temperatures well above the critical temperature of water;
2. understand the complex heat transfer modes due to the simultaneous existence
of different boiling regimes (rewetting, maximum heat flux, nucleate,
transition and film boiling) at different streamwise locations on the
impingement surface;
3. apply this knowledge to develop and design a controlled fast cooling system.
For this study two experimental facilities and an accelerated cooling pilot plant have
been designed and constructed. An experimental facility installed at the R&D Center of the
Usiminas Steel plant (Chapter 2) had the purpose to study the heat transfer behavior during
the cooling of a stationary steel plate (150 x 150 x 10 mm³) heated to 600, 750 and 900°C
by an impinging round water jet of 6.8 mm diameter. The effects of variations in the initial
temperature on the cooling and boiling curves were analyzed with a 2D axisymmetric finite
element model based on a transient inverse heat conduction model which calculates the
heat flux and temperature along the jet impingement surface from temperatures measured
by thermocouples inserted into the steel plates.
A second experimental apparatus (Chapter 3) was constructed to yield, for the first
time, high-quality high-speed imaging (up to 20 kfps) of boiling phenomena within the
impingement zone during quenching of a high temperature (300 ‒ 900°C) stationary steel
plate (50 x 50 x 10 mm³) by an impinging round water jet of 8 mm (20 ‒ 70°C). The effects
of subcooling, jet velocity and initial surface temperature on the temperature and delay of
rewetting were analyzed by means of a transient inverse heat conduction method that
predicts the heat flux and surface temperature on the impinging surface from temperatures
measured with thermocouples inserted in the test plate. Using a similar technique a visual,
experimental and numerical study of quenching by a round subcooled water jet impinging
on a very high temperature steel plate was performed. In this study high-speed images at
the impingement zone have been recorded from the top (looking inside the liquid jet) and
from the side, in order to obtain a complete understanding of the influence of the air content
of water on the heat transfer behavior during the quenching of a hot steel plate. Moreover, it
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was studied whether the observed gas bubbles resulted from a degassing process (Chapter
5).
An accelerated cooling process improves the weldability, strength and toughness of
steel without increasing the alloy contents. The knowledge acquired in this thesis about this
process was applied to the development and construction of a totally in-house accelerated
cooling pilot system compatible and integrated with an existing pilot-scale rolling mill at
the R&D Center of Usiminas Steel (Chapter 4). This pilot system is large enough to
perform state-of-the-art research, and to develop processes and products similar as in
industrial production conditions, and thereby minimizes costly development trials at
production mills. The main conclusions of this thesis are presented below by chapter.
Chapter 2 describes an experimental analysis of the heat transfer behavior during the
quenching of a stationary steel plate heated to 600, 750 and 900°C by a round impinging
water jet of 6.8 mm diameter and at 22°C. The initial test temperatures, diameter and
temperature of the impinging jet were those commonly used in hot strip mill cooling
systems. The main aim has been to verify the effectiveness of heat removal by a water jet
impinging on a steel plate surface heated above of the critical temperature of water. The
results increased the understanding of the behavior and modes of the heat transfer by jet
quenching through boiling and cooling curves and through photographic analysis of the
cooling process. Another important point was verifying the surface temperature that allows
direct solid-liquid contact, also known as the rewetting temperature. The experiments
demonstrated that, after a very short period of film boiling, rewetting takes place and the
water jet is in direct contact with a surface temperature which exceeds, by far, the critical
temperature of water of 374°C. Even though no boiling activity is observed within this
wetted area (dark zone), the heat transfer regime cannot be considered as single-phase due
to the presence of the high surface temperature and the high heat flux. Photographs from
the hot strip mill cooling process showed the presence of the dark zone under the impinging
jet, suggesting that rewetting also occurs at high temperatures on a surface moving faster
than 10 m/s. The initial plate temperature plays an important role in jet quenching. Higher
initial temperatures delay the growth of the wetted zone and the onset of the rewetting
process. Furthermore, boiling curves showed that an increase in initial plate temperature
causes an increase in the maximum heat fluxes, but single-phase and nucleate boiling
regimes are non-affected. The heat fluxes are higher in the impingement zone and decrease
as they move radially outwards. This is due to water heating and reduction of its thickness
as it moves on a hot surface away from the impingement zone.
In Chapter 3, for the first time high-speed imaging (20 kfps) has revealed boiling
phenomena within the water jet impingement zone during quenching of a high temperature
(300°C - 900°C) steel plate by an impinging circular water jet of 8 mm width at jet
temperatures ranging from 20°C to 70°C, with jet velocities of 1 and 3 m/s. The inverse
heat conduction method provided the heat flux and the temperature at the plate surface from
temperatures measured with thermocouples inserted into the plate.
For the first time, non-coalescing gas bubbles have been observed on top of the vapor
film formed just after the jet impingement on the superheated plate surface. For the first
time, the rewetting process within the jet impingement zone was directly observed.
Deposition of solid particles on the hot plate, as well as an increased roughness of the plate,
induce rewetting on top of asperities that act as micro-fins on the hot surface. Surface
asperities may easily penetrate the vapor film and interact with the flowing liquid. Since
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they cool more rapidly than the remaining solid surface, they act as a kind of micro-fin on
top of the solid material underneath. Just after rewetting of the surface, intense vapor
bubble activity is observed. Vapor bubbles of various sizes are observed and through the
bigger bubbles the dry area of the bubble foot on the plate can be seen. The reflections of
the LED lights therefore prove the existence of contact lines and boiling bubbles. High
subcooling can suppress bubble activity at surface temperatures below 300°C. The
existence of white non-coalescing bubbles without a dark interior, moving quite hectically,
without reduction in size, and sometimes agglomerating without coalescing, lead us to
believe that these are bubbles filled with inert gases, although there is no direct proof of
this. Stable rewetting is found if the plate temperature is below the thermodynamic limit of
superheated water of 325°C. For initial surface temperatures of 300 °C rewetting occurred
without a vapor film covering the plate. For initial surface temperatures at or above 450 °C
such a vapor film occurs even for a subcooling as high as 80 °C. Temperature and time of
rewetting are strongly affected by the initial surface temperature and jet subcooling and less
by the jet velocity. Empirical correlations for these parameters have been presented.
Accelerated cooling has been widely adopted to improve weldability, strength and
toughness of steel without increasing the alloy content. However, the development of new
products requires a long period of intensive industrial experiments, and associated high
costs, before the products can be supplied to the market. Chapter 4 presented the
development, design, construction and testing of a totally in-house pilot-scale accelerated
cooling system compatible and integrated with an existing pilot-scale rolling mill at the
R&D Center of Usiminas Steel. This system is large enough to perform state-of-the-art
research and to develop processes and new products at industrial production conditions, and
thereby minimizes costly development trials at production mills. The system promotes
uniform and symmetrical cooling between the top and bottom plate surface, having the
flexibility to adjust the cooling strategy. The successful operation of the system has been
demonstrated by several cooling tests used for the development of new products that
provide parameters for industrial scale production.
A water jet of circular type was chosen for the development of the accelerated cooling
pilot due to its lower manufacturing and maintenance costs, and its stable water flow. The
cooling efficiency and homogeneity of designed nozzle array was studied by 37 tests. The
effectiveness of the constructed system was evaluated by tests using instrumented carbon
and stainless steel plates, as well as by the pilot-scale development of Strain-Based Design
steel, high-grade pipeline steels resistant to HIC.
In Chapter 5 an experimental analysis of boiling and degassing phenomena during the
quenching of a 750°C-preheated stainless steel plate by a round water jet of 9 mm at
30°C with impinging velocity of 2.45 m/s at various air concentrations in the range 0.2 –
16.5 mL/L has been carried out. The inverse heat conduction method gave the heat flux at
the plate surface from temperatures measured with thermocouples inserted in the plate.
Vapor and air bubbles were measured by high-speed imaging (30,000 fps) through the
water jet, yielding top views of the impingement zone of the jet. Boiling and degassing
phenomena during the quenching of high temperature steel plate by a circular subcooled
water jet have been studied as a function of the initial air concentration in the water. With
views through the jet and with high-speed imaging it was shown that a reduction of the air
concentration in the water reduces both the number and the mean size of gas bubbles during
the initial stage when film boiling occurs on the steel plate. These bubbles are gas bubbles
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and not vapor bubbles because they do not condense and only disappear by leaving the
volume of observation. Boiling and cooling curves demonstrated that the air concentration
has no effect on the heat transfer during the quenching process. It is unclear why the
degassing process occurs only during the film boiling regime and stops after rewetting,
once the surface temperature remains higher than the critical temperature of water. Further
studies will be needed in order to clarify this.
Chapter 6 shows the circumstances in which jets and drops can be created in already
existing bubbles during quench cooling of steel plates by water jet impingement. The same
set-up with the borescope used in Chapter 3 for the investigation of quench cooling
phenomena during jet impingement on hot steel plates was used. The formation and
evolution of liquid jets in vapor bubbles as a result of another vapor bubble nucleating in its
vicinity have been shown during jet quench cooling. This phenomenon is not reported or
described in existing literature of jet quench cooling.

Recommendations
It has been shown that the heat transfer and boiling beneath an impinging water jet on a
high temperature steel surface is highly complex due to the simultaneous existence of
different boiling regimes at different streamwise locations on the target surfaces. More
research is required to improve our knowledge of heat transfer behavior and boiling
phenomena in industrial applications. This knowledge should then be used for the
development of a simulation model, and for the design of ultra-fast cooling devices.
As demonstrated in the present thesis, an efficient cooling control with elevated
cooling rates starts at the onset of rewetting. Surface conditions (roughness and oxidation)
play an important role in rewetting at surface temperatures well above the critical
temperature of water. Until now the tests were carried out with a stationary plate, but in
reality the plate is moving at high velocity. Therefore, future jet quenching experiments
should be carried out on a plate moving faster than 10 m/s under various surface conditions,
employing similar high-speed imaging techniques within the impingement zone. The
surface conditions should be similar as used in industrial process in order to verify their
influence on the cooling efficiency.
The reason that degassing process occurs only during the film boiling regime and stops
after rewetting takes place, once the surface temperature remains higher than the critical
temperature of water, is unclear. This could be clarified by verifying whether the degassing
process also occurs when another coolant than water is used.
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