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Abstract
A rotating steel cylinder has been heated up to 600ºC in order to be the cooled down
seconds later so that desired material properties are obtained or improved. This
process is done by the innovative method of multiple water impinging jets. The aim
of this project is to develop a better understanding of the advantages of the multiple
water impinging jets quenching method and its flexibility to control the cooling rate.
The experimental process has been measured and monitored with measurement
instruments such as embedded thermocouples, DAQ system and LabVIEW
program. In this way, the curve of temperature drop vs time (among others) has been
drawn and analyzed. Numerous tests, focused in different parameters of impinging
jets setup, have been carried out in order to study the boiling heat transfer and
achieve an optimized cooling setup by water impinging jets technique. Jet’s flow rate
was varied between 5.6 and 16.7 l/min, as well as cylinder rotation speed (10 - 50
rpm), initial quenching temperature (300 – 600 ºC), jet-to-jet spacing in the jets
configuration (S/d = 4 and 6) and the configuration of multiple array of nozzles
(staggered and in-line). The results showed that higher cooling rates are obtained by
higher jet’s flow rate, but higher temperature difference was also created in material
from center to outer point during cooling process. Higher initial temperature
resulted in higher cooling rate in onset of quenching. Results revealed that the
footprint caused by rotation speed was captured only in very low rotation speed,
creating a cyclic oscillation in the temperature history at the beginning of the
quenching process. In comparison of multiple arrays, lower cooling rate was
obtained in the fountain points between neighbor jets in the in-line array than in the
staggered. More uniform cooling rate was found in the footprint of cooling rate in
3-D counter plot in staggered array. Higher cooling rate was achieved with larger
jet-to-jet spacing (S/d), but less uniform cooling rate over the area compare to S/d
= 4 in staggered pattern.

Keywords
Transient quenching, quenching cylinder, heat flux, moving surface, boiling heat
transfer, multiple water impinging jets.
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1 Background
Nowadays, steel is an indispensable material, since it has very desirable characteristics, such
as resistance, plasticity and versatility. It is very difficult to imagine today's life without
steel, because it is present everywhere (streets, cars, buildings, water pipes, tools of
factories…). Steel plays a main role especially in the following sectors:
-

Nutrition. It is necessary in the collection, storage, purification and distribution of
water as well as it is necessary to cultivate, store and deliver food. Almost 200
billion cans of food are produced every year.

-

Production and distribution of energy. Steel is essential in the recovery,
production, distribution and storage of energy. In addition, the great power plants
around the world are made up of tons of steel in their structure. Without steel,
these plants could not exist.

-

Transportation. Within the last 30 years, the global transport load has been
doubled and it has been necessary to improve not only transport vehicles, but also
the places where they transit. More than 15% of the steel produced worldwide is
used to meet transportation needs, essential for road, bridge, port, station and
airport infrastructure.

-

Buildings and infrastructure. Without any doubt, the construction sector is one of
the largest industries worldwide and the presence of steel in it is essential. More
than half of the steel produced worldwide goes to buildings and infrastructure.
According to United Nations, the population is estimated to increase by around 2
billion people until 2050 and this will be accompanied by a fast urbanization. The
need for buildings and infrastructure will continue to grow worldwide in the
coming years and, therefore, so will steel.

-

Automobiles. Advanced high strength steels are used for almost all new vehicles.
New grades of steel allow automakers to reduce vehicle weight by 25-39%
compared to conventional steel. This is why steel has been the favorite material for
car construction for decades.

-

Tools and machinery. If a product is not made of steel, it is most likely made from
a steel machine. Automotive plastic parts, glasses and computer parts are made in
steel molds. Machines made of steel are important in any mass production.

These are just some of the sectors where steel is very present and that without it these great
industries could not continue to function.
In order to keep pace with the steel necessities that the upcoming years will bring,
innovative techniques of steel treatment are being developed. Therefore, taking into
account the huge impact of cooling processes in steel industry, this chapter will deepen in
the understanding of hydrodynamics and heat transfer.
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1.1

Heat treatment process

The change or modification of the properties of a material with heating and controlled
cooling is called heat treatment. It is a generic term which includes the processes of
softening, hardening and treatment of surfaces. Softening includes, for example, stress
relieving, annealing, standardization and spheroidization. Hardening includes processes
such as tempering in martensite, tempered in austenite and hardened with each other [1].
Heating and cooling processes are parts of the heat treatment of work piece and are used to
alter its structure. In order to avoid or minimize the undesirable effects of the work piece,
in surface finish and dimensional tolerances, the work preparation before treatment is an
important factor to be considered. It has also been found that the physical form or design of
a piece is reflected in the heat treatment. Therefore, factors such as the balance of mass
areas, avoidance of sharp corners and internal cuts must be taken into account.
Once the steel work piece is prepared, the heat treatment process starts. During it, the
steel microstructure undergoes a sequence of phases [2]. At the beginning, the consistence
of the microstructure is mainly a perlite-grain structure (mixture of cementite and ferrite).
In this initial phase, the material is characterized by its laminarity and uniformity.
After the heating until the desired temperature, the microstructure of the sample can take
two possible ways, depending on the carbon percentage (%C):



When %C < 0.77%, the microstructure turns completely into austenite.
When %C > 0.77%, the microstructure becomes a mixture between cementite
and austenite.

The following and final phase of the process is the ultra-fast cooling, in which the
microstructure becomes martensite (very fine structure). As the huge decrease of
temperature occurs in a matter of seconds, cementite cannot be formed, because carbon
atoms do not have the necessary time to diffuse. This produces an oversaturation of carbon,
which finally leads into an enhancement of the steel sample hardening.
It is important to keep in mind that for any heat treatment, safety and success of the process
are directly dependent on a relatively slow and uniform heating. This is why a special care
in this step needs to be taken, in order to not exceed the treatment heating temperature.
Otherwise, the crystalline grain is susceptible to be overheated and its edges can be burned,
which will lead, on it turn, into an oxygen filtration and oxidation. Finally, the carbon
concentration can decrease quite a lot and the martensitic microstructure can become very
fragile.
In order to make sure that the process has enough guarantees to be held in a successful way
in every aspect, the heating step is divided in two processes: preheating and heating.
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1.1.1

Preheating

Depending on the final use or application of the steel, the preheating temperatures can
vary, usually between 400˚C and 700˚C. When it is designed for mechanical construction
and anything related to this field, the preheating temperatures will depend mostly on the
desired final heating temperature:



When initial cooling temperature is not more than 900 ˚C, preheating
temperatures of 400-600 ˚C may be suitable.
When initial cooling goes over 900 ˚C, a preheating temperatures of 600-700 ˚C
can be appropriate.

As stated before, it is remarkable to say that, especially in this part of the heating, the
process needs to be done in a very slow way.
1.1.2

Heating

In this step, the sample’s size and shape together with its original structure are essential to
determine the required time to obtain the proper constituent solution and a full austenite
state. This heating time can be subdivided into 3 phases [3]:




The time until the sample’s surface reaches the heater temperature
The time during which the heat is transferred from the sample’s surface to its core
The time until the temperature conditions become uniform in the whole piece so
that austenite can be completely homogenized.

During the heating, three different industrial heaters may be used for quenching, depending
on the quenching type and its objective. They are the salt bath furnace, the continuous
furnace and the oven box.
1.1.3

Quenching

The following step of the heat treatment is the one in which this project is going to focus
more: the cooling process or quenching. Here, an external substance will cool down the
steel piece in a very short time. To do that, a wide variety of them can be used, such as
water, air, mineral oil, molten salts, etc [4].
The most common among all of them due to its low price and the easy way of access is
water. Even though this liquid has a low vaporization point and, therefore, its level of heat
energy removal is low as well, its properties can be well enhanced by adding some other
substances, such as NaCl or NaOH, which increase the temperature of phase change.
Mineral oil has the capacity to turn austenite into martensite in a really slow way, which
makes this substance more adequate for medium and low alloy steels. Furthermore, it
diminishes internal stresses and quenching deficiencies.
In what refers to the usage of air as a cooling substance, it is mainly related to high alloy
steels as well as complex medium and low alloy steels.
3

During the quenching process, there are some remarkable indications to carry out a correct
performance:





From the desired heating temperature until the first transformation of austenite to
martensite, the cooling speed must be as high as possible. The objective of this is to
have a final microstructure with neither perlite nor bainite, which would imply a
reduction in the sample’s hardness.
In the transformation period from austenite to martensite (which is usually around
350˚C, the cooling speed must be medium, representing a decreasing of cooling
velocity in the mentioned temperature.
While the cooling substance is in contact with the steel sample which has been
heated, it must never decompose.

In Figure 1 it is possible to appreciate the first two stated points.

Figure 1. Temperature-time curve when quenching occurs [5]

The straight red line represents a good transformation from austenite into martensite,
accomplished thanks to a high cooling rate. It is not complete, because the stopping
temperature is not low enough. However, if the cooling is carried out until a temperature
low enough, the complete transformation will take place and there will be only the desired
martensite in the end (green curve).
On the other hand, if the cooling speed is not high enough, the resultant cooling line will
not go straight down as the previous ones, but will go to the right side of the diagram,
4

crossing the first black curve and creating, in this way, a mixture of bainite and martensite
(blue line) or fine perlite (orange line) as final constituents. In these situations, the sample’s
microstructure may not get the required hardness.
In reference to the substances already cited used to cool down steel during quenching, it is
possible two separate them in two distinguished groups, attending to the type of contact
they have with the surface [4]:
-

Quenchant (water and mineral oil)
Non-boiling fluids (air and molten salts)

This last group can provide a uniform cooling, while the boiling fluids has a wider
complexity to achieve this aim. However, water has been an interested source for industry
in term of availability and cost which is also used in the experiments of this study.
During quenching, boiling is supporting heat transfer in the surface’s sample, changing
from liquid to vapor state in the shape of vapor bubbles. This process can only be carried
out when the saturation temperature of the fluid –at a certain pressure- (Tsat) is overtaken
by the temperature surface (Ts). The resultant difference in temperature is called “excess
temperature” (ΔTe). Equation 2.1 shows the direct proportionality between heat flux and
excess temperature.
𝑞"𝑠 = ℎ · (𝑇𝑠 − 𝑇𝑠𝑎𝑡 ) = ℎ · 𝛥𝑇𝑒

Where:

𝑞”𝑠 = Heat flux [

W
m2

( 1)

]

W
ℎ = boiling heat tranfer coefficient [
]
K · m2
𝛥𝑇𝑒 = Excess temperature [˚C]

In order to go into deeper matter regarding boiling fluids, Figure 2 illustrates graph to
understand the concept of boiling curve. Concretely, it presents the four regimes of the
boiling, referring in this case to the quenching of a thin wire by the water bath technique.

Figure 2. Boiling curve for water at a pressure of 1 atm [6]
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In case of transient quenching, the boiling curve begins to be drawn from the top right side
of the graph, just when water flow approaches to the solid surface and make the contact for
the first moment with the sample’s heated surface. In this way, the four mentioned boiling
regimes appear depends on the surface temperature level: film boiling, transition boiling,
nucleate boiling and free convection boiling.
1.1.3.1

Film Boiling

This is the first phase of the boiling curve and starts when the sample’s heated surface has
temperature larger than Leidenfrost temperature. During the whole regime, Ts maintains a
high value, satisfying the main regime condition ΔTe ≥ ΔTe,D . When the heated surface has
the first contact with the water, a stable vapor layer of bubbles is formed, covering in this
way the whole steel’s surface. While more water is getting in contact with the sample’s
surface, the quoted vapor blanket starts growing bigger and bigger. At the same time, the
surface temperature (Ts) decreases gradually and, therefore, the initial cooling rate is
reduced in a similar pace.
During this whole regime, excess temperature (ΔTe) drops continuously until it reaches D
point (see Figure 2). It is called the Leidenfrost point and shows a significant importance in
our study matter due to two main reasons: on one hand, it draws the border from one
regime (film boiling) to the following one (transition boiling) and, on the other hand, it is
characterized for having a minimum heat flux value (q”min). To end up this regime, it is
remarkable to state that the whole heat transfer during film boiling is done through
conduction and radiation by means of the vapor layer, created on the sample’s surface.
1.1.3.2

Transition Boiling

The second regime in the quenching cooling part is the transition boiling. It starts when ΔTe
= 120 ˚C and ends when ΔTe = 30 ˚C. During this phase, excess temperature continues to
decrease, but now the vapor layer became smaller and more unstable to be penetrated by
water fluid, letting the liquid get much closer to the solid sample’s surface. As the liquid
has a considerably higher thermal conductivity than the formed vapor, the heat flux
increases during the whole regime while the surface is surrounded each time with less
vapor and more water. The heat flux value continues to grow until it reaches its maximum
value (q”max) at ΔTe = 30 ˚C (see C point in Figure 2).
1.1.3.3

Nucleate Boiling

The following phase is called nucleate boiling. It begins with an excess temperature of 30
˚C and finishes when ΔTe = 5 ˚C. Since the starting point of this regime (point C), the
vapor blanket formed in the sample’s surface is already significantly thin and it cannot be
reduced anymore, so it stops the heat flux growth. That is the reason why it has a
maximum value of heat flux (q”max) and the heat flux starts being reduced from the very
beginning of the phase.
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Even though the q” trend maintains its downhill rate during the entire regime, this third
step of steel quenching can be divided as well in two other sub-regions. The first one of
them goes from point C to B. ΔTe starts decreasing its value thanks to a notable amount of
vapor which is formed again, hence reducing the heat flux. The vapor formed in this subregion does not stick to the piece’s surface as the one in the film boiling regime, but it
moves upwards drawing columns in the free space. The second regime is comprehended
between point B and A. It is characterized by an approximation of the vapor bubbles to the
piece’s surface. In this way, the vapor bubbles start interfering more, thus retraining the
fluid motion in this part of the sample, results in surface heat flux is reduced considerably.
1.1.3.4

Free Convection Boiling

The last regime in the cooling down part of quenching is the free convection boiling. It
occurs between the temperatures of 5˚C and 0˚C of excess temperature, with a highlighted
importance in the fact that ΔTe maintains a positive value so that the boiling can take place.
As the explanation stated in its name, there is a free convection behavior between fluid and
surface during the whole phase. Heat flux is reduced as ΔTe drops, having now a less steep
trend in comparison with the previous regime. When finally ΔTe takes the 0 value, the
boiling process is finished and the cooling happens just in a uniform and slow pace,
reducing the heat flux little by little. It is also remarkable to state that, even though this
curve is based on a quenching by water, other fluids have similar ones as well.
1.1.4

Annealing

After completing the heating and cooling steps, quenching is finally completed. However,
even though most of the mechanical properties of steel have been improved during
quenching, there is still a high fragility in the piece, together with some internal stresses.
To solve this problem, it is very common to make the steel piece undergo a third big step:
annealing.
Even though this process is very relevant for the final properties that the steel sample might
get, it is not very important for this project, so for the moment it can be kept apart.
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2 Introduction
Among the diverse procedures to perform the sample’s cooling, the most well-known ones
are the water pool boiling, the water impinging jets and the water sprays.
2.1

Water pool boiling

The most traditional technique of carrying out the cooling process is by means of water
pool boiling (water bath cooling). It has been used in the steel industry for several decades
as the main quenching device, while investigations were carried out by experts at the same
time. There has been interest to use this technique by using nanoparticles in the water to
improve the cooling rate [7].

Figure 3: Industrial water tank used for quenching [8]

However, not every aspect in this technique is good enough, both during the process and
after it, in order to get the best results. Controlling the cooling process to obtain different
cooling rates is difficult in this technique. Water temperature, volume and recirculation of
fluid are the only parameters to be controlled. The limited uncontrolled cooling rate due
to the boiling phenomena in the pool or the mere interruption of the chain production
makes evident the need of searching different alternatives. One of them is the so-called
water impinging jets, in which this research is going to put its focus.
2.2

Water impinging jets

This cooling technique is becoming more and more interested and used by industry thanks
to the high heat and mass transfer which the technique is able to provide. An impinging jet
is composed fundamentally by a cylindrical tube, with a specific diameter and area, through
which any fluid can flow with a given velocity (Figure 4). This jet can be classified into
single or multiple jet configuration, just depending on the number of jets that are placed in
the impinging array [9].
The investigations around the effect in steel quenching of a single water impinging jet have
been approached by many researchers in the past years. Mozumder et al. [10] investigated
the effectiveness of maximum heat flux by water impingement parameters as well as
quenching system. The research continued with Woodfield et al. [11], who deepened in the
comprehension of the boiling region over a stator flat surface. Karwa et al. [12]
8

distinguished three regions on a flat surface during steel quenching process, which will be
later looked more closely. Agrawal et al. [13] investigated the effect of nozzle diameter on
the rewetting temperature.

Figure 4: Illustration of impingement of water by water jet [14]

Some other studies about single and multiple jets have been done, focusing on different
parameters and reported new findings on quenching a flat plate. However, only a few
researchers have experimented with a multi-jet configuration, facing in this way a large
series of potential understanding problems due to its complexity. In the study carried out
by Jahedi et al. [15] one row of jets were used in order to cover a steel quenching area. The
results revealed that each parameter affects differently on the film and transition boiling
regimes, but that no significant change in cooling rate was observed in the nucleate boiling
regime while varying the different parameters.
As it may have already been perceived, the difference between the two main types of
impinging configuration (single and multiple) is not only the number of jets in the array,
but also the variant flow and heat transfer that it implies. The main explanation for it is the
interaction that may occur from the fluid expelled by one jet to the adjacent one. In the
cited interaction point, two different types of interference can appear: jet-to-jet
interference before the impingement (in small jet-to-jet spacing) and interaction between
the flows on the jet’s surface (wall jets).
By just stating these few explanations, the upcoming problems that the multi-jet
configuration might cause can be observed. The work of designing impinging array involves
many variables, which cause a tedious and complex study about the implicated heat
transfer. In this study, the experiments are based on water impinging technique with
purpose to apply multiple arrays of nozzles to cover larger area during the cooling.
Taking all the above into account, it is remarkable to state the settled flow and the
geometrical parameters represent the main aspects to focus on, so that they are able to
provide the uniform and efficient heat transfer which is expected over the sample’s piece.
2.2.1

Fluid flow

The understanding of the fluid flow of an impinging jet keeps a high complexity due to the
whole path it covers, starting from the departure from the nozzle and finishing with the
spreading through the steel surface. Depending on which part of the mentioned path the
9

fluid is in, the flow can be divided in three main regions [9]: the free jet region, the
stagnation region and the wall jet region.
The first phase in which the flow gets in is the free jet region. The region of this first
division is just determined by the non-influence of the target (surface) conditions to the
flow itself. The fluid is impinged from the nozzle and begins to widen and expand because
of the pressure deliverance that brings. The first implication of this water broadening is the
gradual loss of velocity, starting from the surface of the flow section and going later to core
of jet. The flow region in which the velocity remains still in its maximum value (the value
at the nozzle exit, W) receives the name of potential core. It covers an area with the shape
of an inverted cylindrical cone with its base laying at the jet exit perimeter (Figure 5). The
axial velocity diminution leads to a horizontal increasing in the flow speed through a kinetic
transformation. When the flow reaches the targeted surface, the free jet region ends and
the stagnation or impingement region begins.
In this second region, the flow suffers a considerable velocity deceleration due to the
impact with the sample’s surface, and the remaining energy is almost completely converted
in a horizontal velocity lead by a normal acceleration. The stagnation point represents the
position where the fluid impacts the surface with highest static pressure which it is located
downwards the center point of the nozzle exit. This second division is considered to be the
step between the two main regions. When the horizontal velocity -resultant from the
impact of the flow to the surface- starts to decrease, the wall jet region has begun.
The wall jet region covers the whole transverse flow range, this is, the entire scope in
which the flow presents a parallel direction towards the wall. This region is very relevant
considering its transmission implications. If the starting temperature and concentration
values in the starting point (nozzle exit) are different than in the impingement or stagnation
surface, the convection heat and/or mass transfer will happen, (mainly in this region, but
in the stagnation region can also take place.
In order to provide a better understanding of the sequence of phases that the fluid takes
along its way and all the referenced elements, Figure 5 might give a good perspective of its
route.

Figure 5: Fluid flow regions of a single impinging jet [9]
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Even though these explanations are meant for a single water impinging jet description, the
multi-jet flow can be divided in the individual jets experiencing existence of neighbor jets
in the array. However, some essential considerations can make the multi-jet flow much
more complex.
The first one [15] is the already stated possible interactions between the fluid of adjacent
jets while the flow is in the free jet division. This problem is caused both by the widening of
the flow diameter in this region and also by the short distance that may separate the
nozzles. It is important to take into account this possible issue and ensure the controlled
diameter of the flow in this zone as well as providing a suitable jet-to-jet spacing to avoid
any negative effect by neighbor jets.
On second place [15], there can also be an interaction in the wall jet region. The horizontal
flows produced by the impact with the surface expand in a radial direction with no brakes.
In the context of a multi-jet configuration, these transversal water streams can make
contact with each other at a certain velocity, thus creating the so-called fountains of water.
The size of these water columns can vary depending on various parameters, such as the
fluid velocity, jet-to-surface and the jet-to-jet spacing.

Figure 6: Possible fountains developed in a multi-jet configuration [15]

2.2.2

Boiling heat transfer

Heat transfer is the basic principle in which researchers and investigators focus the
experiments in order to improve the cooling performance and, in the end, get higher
cooling rates (shorter time) and better steel properties. Centering the attention in the
boiling phenomenon produced during the quenching through water impinging jets, it is
vital to state the big difference that the studied technique presents in this aspect, in
comparison with the traditional method.
There are studies, like the one from Hatta et al. [16], which have shed a light in this matter.
The researchers guided an experiment of a steel plate quenched by a subcooled water jet.
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While carrying it out, they could observe a clear difference between the three formed
regions, regarding their final physical state: the wetted region, the annular region and the
unwetted region. The experiment results presented the highest heat flux value in the
wetted region (more specifically, very close to the stagnation point). It could be noted that,
in this zone, the nucleate boiling was the principal quenching regime, despite the
appearance of transition boiling near its surroundings. The annular region was mainly
governed by a transition boiling, where the water was extracted from the sample’s surface
by means of small drops, as a result of a large temperature resistance between liquid and
solid, that avoids the expansion of the fluid along the piece. The vapor bubbles that
appeared during the first contact between the heated surface and the fluid and created an
insulation film between them were the responsible for the occurrence of this phenomenon.
The unwetted region, which covered the furthest area from the stagnation point, was
conducted by a film boiling, in which the fluid droplets had spread over the vapor blanket
[17].
Together with this experiment, Karwa et al. [12], helped to increase the understanding of
this matter. In these studies, the scientists proved the necessity of the vapor layer removal
by the fluid, until the real contact between the water and the heated surface takes place.
When that happens, then the wetted region is completely able to broaden through the
piece’s surface. The conclusions of their analysis stated that a higher velocity propagation of
the wetted region was possible thanks to an increase in some parameters, such as the jet
velocity. This conception was grounded on the attempt of obtaining smaller water bubbles
in the zones where these circumstances were occurring, thus originating a frail resistance to
the water flow. In the end, the wetting front was, in this way, capable to expand with a
higher rate, resulting in the consecution of higher and more uniform cooling rates.

Figure 7: Distinct regions identified on the impingement surface during quenching [12]
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However, the control over the heat transfer phenomenon is not something which can easily
been acquired. Many parameters affect in the performance of the experiment in what refers
to heat transfer, such as the nozzle shape, the initial surface temperature, the flow velocity
at the nozzle exit, the turbulence level (Reynolds number study) or the fluid flow
expansion over the surface, among others. All of them are parameters which cannot be
studied separately, but which have to be revised as a set. Therefore, their subsequent
analysis becomes much more complex.
2.2.3

Quenching parameters

Even though there are several factors which affect to the steel quenching performance, the
present thesis is going to focus in the following ones:


Jet’s flow rate

This parameter refers to the water impinging jet velocity in the outlet of the nozzle. It is
considered one of the main factors in any type of jet impinging quenching, due to its
relevant role during the quenching process. A small change in its value can have a great
impact in the final result.
Previous studies were done focusing on this parameter, such as the one by Jahedi et al.
[15], which experimented on a rotating hollow cylinder by one row of water impinging
jets. The results showed that low values of jet velocities and, thus, of Reynolds number,
indicated small temperature drops, whereas high jet velocities, with high Reynolds
number, were a sign of high cooling rates. Their conclusions pointed to a better solid-liquid
contact in transition and film boiling with high Re values, while in nucleate boiling it causes
no difference.
Martínez et al. [18] studied the quenching of a steel plate by water impinging jets and
different simultaneous flow rates. During their experiments, having as one of their main
focus parameters the jet velocity, they gave three different jet velocities in each of them:
1.9 m/s, 2.9 m/s and 3.9 m/s. Their resultant diagrams, as well as their conclusions, are
very clear in this matter. They confirm the previous studies, showing a relevant higher
cooling rate with high jet velocities.


Initial quenching temperature

This parameter is expressed by Ti and determines which boiling regime is obtained when
the cooling begins on the surface. Jahedi et al. [15] experimented on an initial surface a
temperature range of 250 – 600 ˚C. Their results showed that the best way to bring q”max to
the highest level for the latter cooling was getting Ti as closer as possible to the Leidenfrost
temperature. When the quenching was carried out with temperatures which were much
higher (550 - 600 ˚C) than the mentioned one, it was proved that lower values of heat
transfer throughout the different regimes appeared. Moreover, they extrapolated their
results and extracted two conclusions more. Firstly, they understood that initial quenching
temperatures higher than 600 ˚C would last longer to reach q”max, so they would not be so
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adequate for the present aim. Their second conclusion was that starting with a low
quenching temperature, below the quoted maximum heat flux point, would not be enough
to reach q”max.
After many experiments studying this factor, Jahedi et al. [15, 19] concluded that the best
regime to have a short time to reach q”max and to provide higher cooling rates is the
transition boiling regime.


Rotation speed

This parameter is expressed by ω in case of rotating the test specimen during the quenching
experiment and is measured in rpm. In some previous studies on this parameter, Jahedi et
al. [15] showed the great impact that the various rotation speeds can have in the quenching
process. They quenched a rotating hollow cylinder with different rotating speeds (10 rpm,
30 rpm, 50 rpm and 70 rpm). In their results, they showed how the lowest rotation speed
(10 rpm) provided the highest cooling rate for every revolution of the sample, whereas
when ω = 50 rpm, the rotation speed increased globally. They concluded that high rotation
speeds (70 rpm) provide a low cooling rate in film boiling regime due to the reduction of
the interaction time between water and moving surface.
Mozumder et al. [17] studied a subcooled water jet quenching for a high temperature
rotating cylinder. Their experiments showed that the surface suffered a non-uniform
cooling due to its rotation, creating thus a non-uniform distribution of the surface
temperature and finally resulting in a non-uniformity of the wetting front movement. They
pointed as well that the heat flux existing in a specific point fluctuated together with its
surface temperature fluctuation caused by the cylinder rotation. Finally, they concluded
that the increase of rotation speed and, thus, of the surface velocity when passing through
the water jet, caused the surface to have less time to dissipate the heat and, therefore, the
heat transfer decreases.
It is also remarkable to state that other studies of Jahedi et al. [15, 19] also confirm that a
faster temperature drop is achieved as the measurement point passes through the wetting
front region slower (with lower rotation speed).


Jet-to-jet spacing

The non-dimensional jet-to-jet spacing parameter, S/d, can be critical. As seen in previous
chapters, when jets are placed closer to each other, more interferences happen and higher
fountains appear, which leads to a big difference in the quenching process. Jahedi et al. [15]
showed in their experiment of quenching a hollow cylinder by one row of impinging jets
that high values of S/d did not provoke the jet water flow affect the flow of the neighbor
jets’ wetting front. On the other hand, they showed that at low values of S/d, the flows of
neighbor wetting fronts collide and cause an effect on the cooling rate, both in its average
value and in its uniformity distribution. They concluded that spacing between 2 and 4
provides cooling rates which are more uniform and which have a greater magnitude over
the wetting front of each individual water jet in comparison to S/d between 4 and 8.
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Jahedi et al. [19] studied also the effect of jet-to-jet spacing in their experiment of
quenching a rotatory hollow cylinder by multiple configurations of water-impinging jets.
They concluded that the Nusselt number (which measures the increase in heat transfer
from a surface through which a fluid runs -convective heat transfer- compared to heat
transfer if it occurred only by conduction) for each water jet in a multiple configuration is
improved with smaller jet-to-jet spacing (S/d < 8).


Multiple array of nozzles

The different array of nozzles in which jets are placed during the quenching process can
play a very important role in the final result. Vakili et al. [20] performed a set of
experiments around the quenching of a moving hot flat surface by both in-line and
staggered arrays of nozzles, obtaining the best cooling uniformity with staggered arrays.
As the present thesis studies the quenching on a rotating cylinder, literature about this has
been searched regarding this parameter. However, there only a few studies which have
investigated this effect in tubes or bars. One of them is the one performed by Jahedi et al.
[15], which studied the quenching of a rotatory cylinder with different arrays and presented
2 types of interactions between jets: lateral upwash flow, which is formed by a water flow
interaction between neighbor jet in 1-row array, and longitudinal upwash flow, which
occurs when there is an water flow interaction between water jets in adjacent rows in a
configuration of nozzles with 2 rows. They reported that discharged mechanism behavior
caused high surface heat flux in the lateral upwash flow zone, which agrees with previous
studies on flat surface [20], [21].
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3 Aims and approach
The previous studies which have brought to multiple achievements related to the quenching
by water impinging technique have been presented by means of diverse approaches. But
this project has a particular and specific objective which will be focused on throughout the
following chapters. More precisely, this study will give us the possibility to see the
advantages and disadvantages of this technique during the quenching of a rotating cylinder.
Cooling the cylinder with the traditional technique reduces control on the cooling rate, as
the only parameters to be managed are water temperature and recirculation rate and size of
the bath. However, with the water impinging jets technique, it is possible to be in charge of
several more parameters to control the uniformity and magnitude of heat transfer over the
quenching surface in order to finally obtain the desired cooling rate for the material.
Therefore, the present study will not just increase the understanding about water multiple
impinging jet technique, but it might enlighten as well new possibilities in this research
area, such as the acknowledgment of better cooling rates and the ways to perform them.
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4 Experimental method
4.1
4.1.1

Experimental set-up

Water impinging jets set-up

In order to be able to carry out the experiments which are going to determine the base of
the further analysis, the set-up in Figure 8 has been built. It is inspired in the one used by
Jahedi et al. [15] in their recent experiments, not only the equipment used, but also its
consequent disposition.
The described construction allows the sample to go through the heating and cooling
process, so that the water impinging jet experiment can take place. An external induction
heater, placed in a wheel railway which goes inside the test chamber (7), surrounds the
cylinder for its heating. During this first step, there is a servomotor (6) which provides a
constant rotation of the sample, ensuring in this way a homogeneous heating distribution.
While the stainless steel cylinder is being heated up, water is pumped (1) from a water tank
(5) by means of an internal circulation, whose flow and pressure are regulated and
monitored by magnetic flow meter (2) and pressure transducer (3) respectively. When the
sample reaches to temperature slightly higher than the desired temperature for quenching,
the heater is taken away and the solenoid valve (4) is opened in order to let the water flow
up to the impinging jets (8). In such a way, the cooling process can start just right after the
heating process has concluded, in a matter of seconds.
In order to control the temperature of the water jets and ensure a homogeneous cooling,
there is a thermocouple inside the water tube to measure the temperature during
experiment.

Figure 8: Schematic of experimental set-up
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4.1.2

Pool boiling set-up

The setup represented in Figure 8 has also alternative setup to use the water bath tank (9)
for pool boiling experiment. This setup allows the test rig to fill the tank with water and,
therefore, carry out experiments in the traditional way (water pool boiling). The
experimentation of both methods with similar conditions is possible thanks to this complete
configuration and the comparison of techniques is, thus, very precise.
It is remarkable to say that the placement of the water bath tank fits in a very proper way to
the impinging jet experiment set-up, without altering any factor on the impinging jet
technique.
Regarding the pool boiling set-up itself, it is important to bear in mind a few aspects of
experimental condition. Firstly, so as to control the temperature of the cooling water and
ensure a homogeneous cooling, there is a thermocouple inside the water tank to measure
the temperature of the water bath. Secondly, there is continuous circulation of water in the
bath to keep the water tank temperature nearly constant during cooling process. Finally, in
order to permit the sample sink into the water bath, there is an in-built mechanism which
provides vertical movement to the shaft where the sample piece is attached to.
4.1.3

Cylinder assembling

The stainless steel cylinder in this study has a dimension of 81 mm diameter and 124 mm
length. In order to track the temperature evolution of the cylinder during the process in
different points, 26 N-type thermocouples with probe diameter 0.75 mm were installed in
two depths in the cylinder (line R1 and R2) with recording frequency of 50 Hz. The other
7 sensors were installed from side of cylinder to approach further distances into the
material up to the center of the bar, see Figure 9.

Figure 9: Schematic of jet position and the drilled configuration of holes in the cylinder to install the
thermocouples
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The sensor tips from line R2 were placed at 4 mm from the quenching surface, in order to
capture a representative value from the temperature evolution close to the sample surface.
The sensor tips from line R1 were placed 6 mm closer to the cylinder axis (10 mm from
the quenching surface), which will make them experience the temperature changes with
time delay compared to line R2 during cooling process. As it can be seen in Figure 9, the
sensors are placed with 4 mm spacing between the tips in the measurement lines.
Regarding the data transmission, the DAQ system contains data loggers to collect signals
from the instruments and sensors and send them to computer. The LabVIEW program was
used to monitor and control the experimental process and record measurement signals
from the DAQ system.
Once the sensors are placed in its position, they are fixed with cement in order to keep
them perfectly attached to the sample as well as to protect the tips to be reached by the
water during the quenching process. Finally, before introducing the piece in the shaft of the
set-up, a layer from insulation and a copper flange (see Figure 10) are placed in both sides
of the piece to avoid any cooling from the sides of the cylinder. The main purpose of them
is to ensure that the cooling from the quenching process is coming only from the outer
curved surface, not from the sides.

Copper flange

Insulation

(a)

(b)
Figure 10: (a) 3D schematic of the cylinder and position of water jets around it (b) multiple arrays of jets and
position of measurement points
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4.2

Experimental procedure

In order to perform the water impinging jet experiment correctly, the following steps
needed to be followed,
1. Set-up preparation. Initial checks are done: water level in the tank is appropriate,
circuit valves are opened so that water can flow through the internal circulation,
sample is well positioned and with its insulation surrounding it (to maintain the
further heating), main system is switched on and water valve is opened for shaft
cooling. Main pump is switched on and desired flow is regulated by adjusting the
pump’s frequency.
2. The servomotor is switched on and its rotation speed is stablished. The induction
heater is placed inside the test chamber, with the cylinder perfectly inside it.
3. The heating step begins. The heater’s magnetic flux intensity is increased gradually
so that the temperature is as homogeneous as possible in every part of the cylinder.
The temperature raising can be followed thanks to the thermocouples which are
placed in the cylinder, that send temperature data every 0.02 seconds (with
measurement frequency of 50 Hz). The program LabVIEW converts the
information and shows in an adjustable graph the temperature evolution of every
thermal sensor, as well as the numerical value of the cylinder mean temperature.
4. When the temperature value gets to the desired one, the heater is turned off, the
servomotor is stopped, the heater is moved backwards through the railway, the
insulation to keep the cylinder heat is taken out and the hatch is closed, placing the
impinging jets in their position and sealing the chamber completely. That desired
temperature to start all this process (which has to be as fast as possible), is set
around 50 or 100˚C over the starting cooling temperature, in order to give time to
follow the specified procedure.
5. When experimental condition is ready to begin the quenching and the starting
cooling temperature is reached, the quenching mode is turned on: the jets valve is
opened and the water starts to cool down. The thermocouples monitor the
quenching and the Temperature-time curve is created.
6. The cooling process is completed when the final quenching temperature is reached
by the mean temperature of the cylinder. The data is saved until that moment, and
the experiment is finished.
Regarding the water pool boiling technique, the experimental procedure is almost the
same. The only difference will be in step 5, instead of opening the jets valve so that water
flows through the jets, the sample supporting mechanism drags the sample down, with a
vertical movement, sinking the cylinder perfectly inside the water bath.
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4.3

Range of parameters

During the study, the steel cylinder is tested under different conditions. So as to decide
which experiments to carry out, it has been taken a reference value for each one of the
study parameters, what will constitute the conditions of Experiment 1. With this reference
test, one parameter at a time has been varied for each experiment, maintaining the other
ones with their initial value. Table 1 shows various range of parameters investigated in this
experimental study.
Parameter
Jet’s diameter

Unit

Range

d

mm

8

Water temperature

Twater

ͦC

24

Initial temperature

Ti

ͦC

300, 450, 600

Rotation speed

𝜔

rpm

10, 30, 50

Jet-to-jet spacing

S/d

-

4, 6

Multijets’ pattern

-

-

staggered, in-line

Jet’s flow rate

Qj

l/min

5.6, 11.1, 16.7

H/d

-

2

Jet to surface spacing

Table 1: Designed range of parameters in the experiments.

Even if these are the selected values for carrying out the experiments, the process has a
range of uncertainty that has be taken into account. The heating step begins with the
cylinder at room temperature, and is continued to about 660 ⁰C. From this point on, the
cooling phase works under a temperature range of 600-100 ⁰C. Because there are many
thermocouples measuring the temperature in different points during the entire process, the
mean values of all temperatures have been taken as the reference value. In this way, a
maximum thermocouple uncertainty takes place at 600 ⁰C. Following GUM indications for
type B uncertainty calculation and considering as well the standard deviation as type A, a
relative uncertainty of ±3.8% can be assured with a 95% confidence to that maximum
value (600 ⁰C). In accordance with the same procedure, water temperature of 24 ⁰C can be
assured by a relative uncertainty of ±0.7% and jet’s flow rate of 11.1 l/min can be assured
by a relative uncertainty of ±0.9% (both with 95% confidence).

4.4

List of experiments

With the range of parameters exposed in the previous chapter, the list of experiments done
in this study can be seen in Table 2.

21

Jet
diameter

Twater
(˚C)

Ti (˚C)

𝜔 (rpm)

S/d

Exp. 1

8

24

600

50

6

Exp. 2

8

24

450

50

Exp. 3

8

24

300

Exp. 4

8

24

Exp. 5

8

Exp. 6

Jet pattern

Qj (l/min)

H/d

Staggered

11.1

2

6

Staggered

11.1

2

50

6

Staggered

11.1

2

600

10

6

Staggered

11.1

2

24

600

30

6

Staggered

11.1

2

8

24

600

50

4

Staggered

11.1

2

Exp. 7

8

24

600

50

6

In-line

11.1

2

Exp. 8

8

24

600

50

6

Staggered

5.6

2

Exp. 9

8

24

600

50

6

Staggered

16.7

2

Table 2: Designed list of the experiments

4.5

Data reduction

In order to achieve an overall picture of the quenching heat transfer footprint along the
measurement timeline, the temperature drop by cooling on each revolution of rotation can
be calculated as cooling rate through the following equation,
𝑑𝑇 𝑇𝑡+𝛥𝑡 − 𝑇𝑡 ˚𝐶
=
[ ]
𝑑𝑡
𝛥𝑡
𝑠

(2)

where Δt is the time to pass one revolution that sensor approach to stagnation point of jet
again, 𝑇𝑡 is the temperature at time t in the beginning of one revolution and 𝑇𝑡+∆𝑡 is the
temperature recorded at end of the revolution.
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5 Results and discussion
In order to present the obtained results, it is remarkable to remind the reader that every
studied parameter has been compared to the results of the obtained in the reference
experiment (experiment 1).
The temperature result in Figure 11 shows recorded temperature history of the cooling
process in experiment 1, where the sensors are located in different depths of material.
Temperature 𝑇1 and 𝑇2 are one of the sensors mounted in line 𝑅2 and 𝑅1 respectively, 𝑇3
is a sensor mounted from the side of cylinder in middle of the cylinder’s radios and 𝑇4 is
the temperature in the center of cylinder. As it is expected, temperature drop is captured
firstly near the quenching surface and then with a time delay other measurement points in
depth of material experience the cooling effect over the outer surface of cylinder and
temperature begins to drop in time. The sharpness of the slope in the beginning of
temperature drop is higher for measurement points closer to outer surface as they
experience more the boiling heat transfer which is occurred over the quenching surface.

Figure 11. Plot of temperature history of sensors in different depth of material in experiment 1

In regard to the time delay until center point of cylinder experiences the cooling heat flux,
Figure 12 presents the temperature difference between 𝑇1 and 𝑇4 and shows clearly that
temperature difference rises from beginning of quenching until about t = 33 sec that
cooling heat flux approaches to the center of bar and temperature difference passes the
peak value which represents temperature drop at center of cylinder. This characteristic can
be useful to analysis effect of different parameters and evaluate the magnitude of
temperature difference along the depth of material to avoid any huge temperature
difference which may lead to creating cracks and residual stresses in material after
quenching process.
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Figure 12. Plot of temperature difference between center point 𝑇4 and near the surface 𝑇1 in experiment 1

5.1

Jet flow rate

The jet’s flow rate is one of those important parameters that has been analyzed in many
studies because, among other reasons, it determines the water consumption volume in the
quenching system. Due to the environmental issues, there has been great interest to
optimize this parameter in industrial applications to reduce the water consumption.
In Figure 13 it is shown the trend of temperature drop in stagnation point of one jet in the
measurement line 𝑅1. It can be appreciated how the temperature decreases with a higher
velocity as Qj becomes higher, carrying out the complete quenching process faster, which is
in agreement with previous studies [18,19]. It should be noted that more highlighted effect
of jet’s flow rate on slope of temperature drop was captured in line 𝑅2 which is not
presented here, but it is also interesting to see the effect of jet’s flow rate is clear in measurement
line 10 mm beneath the quenching surface which presents high effectivity of this parameter on the
cooling rate of quenching.

Figure 13. Plot of temperature drop by time at line R1 for different jet flow rates
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A representation of the temperature difference through the quenching process between the
center of cylinder and near the surface (4 mm beneath) is shown in Figure 14. It can be
observed that maximum temperature between these two points increases with Qj, having a
value of ∆𝑇 = 250˚C at Qj = 5.6 l/min up to ∆𝑇 =340˚C at Qj = 16.7 l/min, which makes
an increase of temperature difference of around 9˚C per l/min in Qj. In this graph it is also
shown that, as Qj increases, the maximum temperature difference is reached at lower time.

Figure 14. Evolution of temperature difference between surface and center of cylinder

Figure 15. Plot of calculated cooling rate for different jet flow rates

In reference to the cooling rate, a higher value is obtained with higher jet flow rate (Figure
15), taking a maximum value of 25 ˚C/s with Qj = 16.7 l/min. It can be also noticed that,
as well as in the previous diagram, the maximum value is obtained in shorter time as Qj
increases. In an overall view, one can notice that there find the balance between maximum
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allowed ∆𝑇 to avoid any crack or extra residual stresses and required cooling rate to
achieve desired material properties based on CCT graph of material.
5.2

Initial quenching temperature

The initial quenching temperature is an important parameter in practical applications, as
wide range of initial temperature exists in industry for quenching process. This is also the
parameter that determines which is the boiling regime that takes place in the beginning of
the cooling step. Therefore, its role is truly relevant in order to control the value of the
maximum cooling rate.

Figure 16. Plot of temperature drop for different initial quenching temperatures

As it is shown in Figure 16, the time difference to approach same temperature value
between the sensors in line 𝑅1 and 𝑅2 becomes larger when the initial quenching
temperature is higher. This effect is caused because, when the initial quenching
temperature takes high values, the surface experiences a jump on cooling rate by water
impinging jets in the film and transition boiling regime which is known as shoulder of flux.
Then the time difference becomes slightly wider as line 𝑅2 receives higher cooling rate
from outer surface by boiling heat transfer while center of cylinder is cooled down by
internal heat conduction gradually.
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Figure 17. Plot of calculated cooling rate by time for different initial quenching temperatures

Regarding to the cooling rate, in Figure 16 it can be observed highest initial temperature
results in sharper temperature drop in the beginning of the quenching than lower initial
quenching temperatures. This fact can be confirmed in Figure 17, where it is shown that
the cooling rate calculated by equation (2) in experiment 1 becomes about 20˚C/s around
10 seconds after the start of the cooling takes place, while Ti=300 and 450˚C create
maximum value between 12 and 13˚C/s.
5.3

Rotation speed

Surface movement is one of the parameters that exists in the production line of steel
industry while cooling is applied regardless of shape of the metal specimen. In this study
this movement represents by rotation of cylinder during quenching test which may be
helpful to achieve uniform cooling over the rotary surface. The rotation speed of 𝜔 = 10
rpm causes a slight continuous cyclic oscillation in the temperature drop (see Figure 18,
blue line), because the cylinder rotates so slow that the time gap until the sensor
approaches the wet zone under water impinging jets and receives the cooling directly from
the jet in each revolution is too high. After passing this zone, low cooling is offered by the
dry zone, which makes the surface of the cylinder be cooled in a non-uniform pattern. The
footprint of rotation speed in the temperature diagram is seen clearly only in low speed
which is in agreement with the previous study on rotary hollow cylinder by Jahedi et al.
[15, 19] with 1- and 2-row arrays of jets. They obtained clearer footprint of rotation in line
𝑅2 due to the fact that wet zone is smaller than staggered 4-row array in this study.

Figure 18. Plot of temperature drop for different rotation speeds in line 𝑅2
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In Figure 18 it can also be noticed how the cooling rate is a bit higher while the rotation
speed increases. With wide wet zone over the quenching surface, higher rotation speed
helps to faster come back to wet zone which improves the cooling rate. In cooling rate
graphs (Figure 19), it is shown the already mentioned effect of slow rotation speed. The
blue line (𝜔 = 10 rpm) presents a very clear cyclic oscillation of cooling rate, having its
seconds, just when the
sensor is under the jet. The red line (𝜔 = 30 rpm) describes an oscillation as well, but it is
smaller and every 2 seconds. The yellow line (maximum rotation speed) is quite
continuous and it is very hard to see the oscillations. This figure shows a proof of discussed
effect of rotation as higher rotation speed improves the cooling rate in an almost continuous
behavior as surface experience wet zone quicker during cooling process.

Figure 19. Plot of calculated cooling rate by time for different rotation speeds

It is also can be seen the effect of rotation is more highlighted in higher temperature levels
in film and transition boiling regimes while the cyclic variation of cooling rate is diminished
in low temperatures which is in good agreement with previous studies [15] .
5.4

Jet-to-jet spacing

Two experiments have been carried out to analyze jet-to-jet spacing, one with S/d = 4
(experiment 6) and one with S/d = 6 (experiment 1). In the case of the experiment with
low value of jet-to-jet spacing (Figure 20), more uniform cooling over the whole surface is
shown. However, the cooling rate level is slightly lower in smaller S/d, which may be due
to higher disturbance from neighbor jets.
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In the experiment with S/d = 6 (Figure 21), it can be observed a less uniform cooling
during the entire quenching process. A comparison between these two 3-D contour plots
reveals that the cooling rate drops in shorter time for S/d = 4, which represents slower
temperature drop in case for S/d = 6. Therefore in general, result show that smaller jet-tojet spacing improves uniformity of heat transfer which is in agreement with previous study
on quenching hollow cylinder by 1-row water jets array [15]. Further study is required to
investigate effect of spacing (S/d) with combination of other important parameters in the
quenching, such as jet’s flow rate.

Figure 20. 3-D contour plot of experiment 6 (S/d = 4)

Figure 21. 3-D contour plot of experiment 1 (S/d = 6)

5.5

Multiple arrays

In the study of effect of multiple jet arrays, it is important to analyze the local cooling rate
as well as the overall cooling rate footprint over the quenching surface.
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Figure 22. Effect of multiple array on cooling rate curve of stagnation point

The result in Figure 22 shows cooling rate of measurement point under one of central jets
in both multiple arrays. A slight overcome in cooling rate by the staggered pattern can be
observed, taking a value of 22˚C/s compared to the 18˚C/s of the in-line. This may be due
to the better distribution of water jets in the staggered array, which creates less disturbing
by neighbor jets, while the in-line array leads to higher interferences, which may prevent
the cooling rate to be so high.

Figure 23. Effect of multiple array on cooling rate curve of fountain point

Figure 23 presents interesting result of effect of staggered compare to in-line array. The
cooling rates belong to the location which is fountain point in the in-line array, but it is
covered by water jets in the staggered array. The staggered pattern increases cooling rate
up to 27˚C/s thanks to the water jet in this position. The in-line pattern, on the other
hand, experience the fountain effect and obtains maximum cooling rate of 11˚C/s, being
reduced almost to half of the cooling rate at the stagnation point. This fact is caused by the
huge fountains that the in-line pattern brings, due to the squared disposition of its jets and
absence of neighbor jet in this position.
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Figure 24. 3-D contour plot of experiment 7 (in-line pattern)

In an overall investigation on cooling rate over quenching surface, the 3-D contour plot of
cooling rate in line 𝑅2 (Figure 24) shows clearly two peaks in the corners, which indicate
the position of the jets in the array: one jet at x = 4 mm and another one at x = 52 mm
(out of the measurement line). This jets configuration in the in-line pattern is creating a
non-uniformity in the cooling process, which can be compared with the better uniformity
appearing in the staggered array (Figure 21). In these 3-D figures, it can also be confirmed
that the cooling rate drops faster in staggered pattern than in in-line during time, which
means that staggered array provides better cooling over the area than the in-line pattern.
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6 Conclusions
The aim of this thesis was to study the quenching of a hot cylinder by multiple
configurations of water impinging jets and effect of various quenching parameters. The
study has focused on five different parameters, which have been varied in order to shed a
light upon the knowledge of the studied quenching technique, the water impinging jets.
6.1

Study results

After running the projected experiments and analyzed their results, the next ideas are
extracted:


As jet’s flow rate increases, temperature decreases faster (higher cooling rate) and
maximum cooling rate is obtained in shorter time as Qj increases. Result revealed
increase of ΔTmax of around 9˚C per l/min of higher jet’s flow rate between 4 mm
beneath surface and center of cylinder. By increasing Qj, there is a tradeoff between
higher cooling rate and higher temperature difference in material which provides
better cooling, but higher risk to create cracks and residual stresses in material
after cooling.



Time difference to approach same temperature value between lines 𝑅1 and 𝑅2
becomes larger as initial quenching temperature becomes higher. Higher initial
temperature results in sharper temperature drop at the onset of the cooling.



Low rotation speed leads to a cyclic oscillation of cooling, captured in temperature
drop and cooling rate diagrams. It has been confirmed as well that the higher the
rotation speed, the higher the cooling rate at every point, because each part of the
cylinder is offered to be maintained wet better during the whole quenching
process.



A low value of jet-to-jet spacing provides a more uniform cooling over the whole
surface. However, S/d = 6 provides a slightly higher cooling rate than S/d = 4,
which may happen because there are less interferences between neighbor jets. The
cooling rate drops in shorter time for S/d = 4.



Staggered and in-line multiple arrays provide nearly similar cooling rate at
stagnation point (slightly higher at staggered) and very different at fountain point,
where the it increases in some degree in staggered array and is reduced in the inline array. Staggered pattern also ensures a better uniformity for the cooling as
well as a faster cooling rate drop over the quenching area.
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6.2

Outlook

Even though every detail of this thesis has been taken into account so that nothing is left to
chance, the present study is experimental, which is why errors, measurement imbalances
and other inaccuracies may have come up. In this way, all these limitations, both by
equipment setbacks or by assumptions made, might open the door to new methods of
upgrading this kind of experiments.
In general, the statements and ideas extracted from this project have agreed with previous
researches and studies. This fact may slightly enlighten the path to approach the application
of this innovative quenching technique in a bigger scale sooner than later. Yet, the study
about multiple water impinging jets is not finished. Its possibilities of success are wide,
which is why more research in the technique and its material properties improvement must
be carried out.
6.3

Perspectives

Quenching by water impinging jets is a revolutionary technique inside steel industry, which
is aimed to improve the quenching process by raising the efficiency with higher cooling
rates as well as offering better material properties. In that aspect, this new technique can be
very useful.
Nevertheless, this whole study can hardly be related to any broader perspective, neither to
a sustainable development, nor to a reduction of carbon emission or energy consumption.
Certainly, though, the aim of the project has a potential in using the waste heat from the
return hot water. Even though the small dimensions of the cylinder are, for the present
thesis, completely not enough to even consider a heat recovery, the idea of re-using the
wasted heat could be bared in mind if this technique was applied widely.
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