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Abstract

Regarding the great importance of fast cooling in steel industry for the production
processes, a deep understanding of heat transfer and fluid dynamics must be held. A
steel plate is heated up until a maximum temperature of 700 °C to be then cooled down
seconds later by a configuration of multiple impinging water jets. Different flow rates
are used simultaneously by different adjacent jets to perform quenching over the
sample, so different hardness is obtained in the material over a small area. Temperature
drop in time is measured and monitored by embedded thermocouples and LabVIEW
program. To achieve greater understanding of the quenching performance with
different flow rates, several parameters are selected to be varied in order to achieve the
best working conditions. Jet diameter takes values between 4 and 10 mm, initial
temperature of quenching varies from 400 to 700 °C, subcooling temperature is tested
for 65 and 75 K, and jet velocity varies between 1.9 and 3.9 m/s. The result of total
number of 9 experiments shown that variation of jet diameter does not influence
substantially on the cooling rate if flow rate is kept constant. High initial quenching
temperature (600-700 °C) led to slightly higher cooling rate in the stagnation region of
water jets. The peak value of heat transfer rate in the upwash flow zone was more
highlighted for initial quenching temperature 600°C and below it. Higher values of
subcooling and jet velocity produce better cooling rates. The result shown higher jet
velocity at one column of water jets changes position of upwash flow slightly toward the
adjacent column of jets with lower jet velocity. In general, the result shown that all the
studied parameters did not have negative effect on obtaining various cooling rates over
the steel plate.

Keywords

Quenching, steel, plate, cooling, water-impinging jets, cooling rate, subcooling,
temperature.



Nomenclature

Symbol Description Unit
T Surface temperature °C
Tsat Saturation temperature of the fluid °c
AT, Excess temperature °c
qs Heat flux W/m?
Armin Minimum heat flux W/m?
Qrmax Maximum heat flux W/m?
Re Reynolds number -
H Jet-to-surface spacing mm
d Jet diameter mm
Af Open area mm?
Dy Hydrodynamic diameter mm
Dy/d Open area ratio -
ATg,p Subcooling temperature K
T; Initial quenching temperature °C
u Jet velocity m/s
Q Flow rate m3/h
At Frequency of temperature measurement Hz
X X-axis along the temperature measurement line mm
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1. Background

Steel, one of the most important materials human race has ever worked with.
Throughout history it has been studied and shaped into a large variety of items, pieces
and tools. Since the blades and shields antique armies used to fight with, to the very
same bridges nowadays we cross, steel has contributed to set the basis of human
history.

As years went by, new ways to work this material were discovered, as well as new
applications. Sometimes it was even needed to provide steel with new properties to
improve its performance under certain working conditions, making it a whole new
material with new possibilities. It is one of these property-providing techniques this
thesis is mostly interested in, the one called quenching. The process is described as heat
treatment, and it consists of heating process, up to temperatures of around 800 - 900°C,
followed by fast cooling process. By this technique, the steel piece is hardened and
strengthened.

For many years, the steel industry has been aware of this method of enhancing steel,
and that is why it has focused on its understanding and development. But despite the
deep knowledge scientists have provided, and the new devices created to achieve the
proper working conditions, its breakthroughs regarding implementation have not grown
at the same rate. Currently, quenching in steel industry is performed following an
individual and time-consuming idea, which is based on the idea of sinking the steel into
cooling media (bath). Yet, the traditional method is not the only way to achieve
guenching, as two other methods are being developed: water jets and water sprays.

But although the main idea may seem pretty clear to the mind, the physics that come
along might not be so.

1.1Heat treatment process

Throughout this process, the microstructure of the steel goes under different states or
phases [1]: At first, the microstructure of the material consists of a perlite-grain
structure, which is basically a mixture of ferrite and cementite, characterized by its
uniformity and laminarity. In fact, the properties of these two different
microconstituents which constitute the mixture are completely opposite. Ferrite is
known as the softest and most ductile among steel constituents, whereas cementite is
the hardest and most fragile.

Once the sample has been heated up and reached the treatment temperature, the
microstructure may take two different ways. If the Carbon percentage in the sample is
lower than 0.77 %, the microstructure turns completely into austenite. Whereas for
those samples with a Carbon percentage higher than 0.77 %, the microstructure turns
into a mixture of austenite and cementite. Austenite is characterized by its non-
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magnetic properties, as well as being the densest among them all. This current phase is
only stable under temperatures over 727°C.

Finally, after the ultra-fast cooling, this microstructure is turned into martensite, having
a fine structure. Under these circumstances, Carbon atoms do not have enough time to
diffuse, and therefore, cementite cannot be formed. This leads to a carbon
oversaturation, which enhances the hardening of the steel sample.

The already mentioned complexity of this technique starts with the heating step. Due to
low heat conductivity of steel at low temperatures, this first procedure in the quenching
technique must be slow and gradual to avoid fissures and thermal stresses. Extreme care
must be taken not to exceed the final heating temperature, since an overheating of the
crystalline grain may happen, burning the edges of the grains, and therefore producing
oxygen filtration, oxidation, low carbon concentration and excessive fragility of the
martensite. So, to avoid all this, the heating step is divided in two processes [2]:
preheating and heating.

1.1.1 Preheating

Steel designed for mechanical construction and tools may find appropriate a preheating
up to temperatures of around 400 - 600°C, when initial cooling temperature is less than
900°C. For those with initial cooling temperatures over 900°C, a preheating up to
temperatures of around 600 - 700°C may be considered suitable. This first part of the
whole heating process must be done meticulously slow.

1.1.2 Heating

The amount of heating time required to accomplish a right constituent dissolution and
a complete austenite state depends on the size and shape of the sample, and its original
structure. This heating time encompasses 3 steps:

= Time needed until the piece’s surface reaches the temperature of the
heater.

= Time needed to transfer heat through the piece until reaching the core
and make it to the temperature of the heater.

= Maintenance time needed to accomplish the desired microstructure for
the quenching. In other words, it is the time between reaching uniform
temperature conditions in the entire piece, and austenite
homogenisation.

There are 3 main industrial heaters for this step in quenching: salt bath furnace,
continuous furnace and oven box. Each one of them is used depending on the type of
guenching is being carried out, and the aim of it.



1.1.3 Quenching

The second step in the heat treatment is the cooling process. The range of substances
in this process leans on to accomplish its purpose is considerably wide: air, water,
mineral oil, molten salts, etc.

Water is the most common cooling substance amongst all, but although it is
considerably easy to access to water sources with low cost, it is not considered the ideal
one. By itself, water does not show a high level of heat energy removal, due to its low
vaporization point. But its properties may be enhanced by adding certain substances
that raise this phase change temperature, such as NaCl or NaOH.

Mineral oil is more suitable for low and medium alloy steels, since it can turn austenite
into martensite with low cooling velocity value. Besides, the role of mineral oil as cooling
substance also reduces internal stresses and quenching shortcomings.

The use of air as cooling substance is related to high alloy steels and complex low and
medium alloy steel pieces.

During the cooling process, some points must be ensured in order to perform a correct
step [3]:

e High cooling velocity from the final heating temperature until the first
transformation of austenite into martensite. The aim of this is to avoid perlite
and bainite, and therefore low values of hardness.

e Medium cooling velocity during the transformation of austenite into martensite,
which usually happens under 350°C, depending on the material.

e The cooling fluid must not decompose while it is in contact with the heated steel
piece.

The first two points from above may be better seen with the help of Figure 1. The blue
line shows a cooling rate high enough to transform austenite into martensite only. If the
cooling rate value is not high enough to accomplish this, the cooling line will then cross
the red curve, and austenite and bainite will be the final constituents. This means the
microstructure of the piece might not get the hardness required to carry out its job.
The green curve shows a cooling rate high enough to accomplish the transformations
into martensite, with a “pause time” which releases internal stresses. This technique is
known as martempering.
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Figure 1: Temperature-time curve during quenching [1].

Regarding the different fluids mentioned above, two groups may be originated in terms
of contact with the surface: those which boil, such as water and mineral oil, and those
which do not, such as air or molten salts. The latter is characterized by a uniform cooling,
while the first group is deemed more complex.

Boiling is defined as a change from liquid to vapor state, and in quenching, it is supported
by heat transfer from the surface of the sample. This phenomenon is distinguished by
the formation of vapor bubbles, which grow and eventually separate from the sample’s
surface. The process occurs when the surface temperature, T, is higher than the
saturation temperature of the fluid at certain pressure, Tg,:. This temperature
difference is known as “excess temperature”,AT,, and its role in the heat transfer
phenomenon may be understood by Equation 2.1 [4],

q;’ =h*(Ts - Tsqt) = h * AT, (2.1)

e g!':Heat flux [W/m?]
e h: Heat transfer coefficient [W/(K*m?)]
e AT,: Excess temperature [°C]



As said before, this class of fluids which boil with the surface interaction present certain
complexity regarding the cooling understanding. Unlike the uniformity of the cooling the
other family presents, here it may be seen different regimes or dominions with different
characteristics, as cooling rate or temperature.

Figure 2 shows the boiling curve of water at 1 atm, which encompasses 4 different
regimes. This graph refers to quenching a thin wire in water bath.

Matural convection Mucleate Transition Film
boiling boiling boiling boiling
T T T T
e | . |
IBubbles! | Maximom
jcollapse | I (critic ; I
| in the | ol eatflux. g,
10° |- ! liquid | | l E
| | | |
| | | |
I | I I
e | [ | |
B | I | |
- 5 | | | |
R U | | | |
S | | |
= | 2 | |
=] | | | |
= I I I I
I D
1 | I Bubbles | I , ..
Al : rise to the | : Leidenfrost point. g .
: :free 5u1'fa-1ce: :
| | | |
I | I I
10 I L1 I I I I
1 ~5 10 ~30 100 ~120 1000
‘ﬁTmess = Ts - Ts.al‘ °C

Figure 2: Boiling curve for water at 1 atm [4].

The curve starts its shape since the very first moment the water interacts with the
heated surface of the sample, and it keeps being drawn as a positive temperature
difference between T and T, exists.

The four different regions that appear should be named as: Film boiling, Transition
boiling, Nucleate boiling and Natural convection boiling, or Free convection boiling.

e Film Boiling

This regime begins when water comes into contact with the surface of the sample. At
this time, the temperature of the surface T, presents a considerably high value,
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satisfying AT, > AT, p, condition for this regime. The first contact between the cooling
fluid and the heated piece results in rapid formation of bubbles that form a stable vapor
blanket which covers the surface of the steel. This stable vapor layer will keep growing
as more water interacts with the surface, reducing the initial cooling rate as the
temperature of the surface, T, decreases. Once AT, takes the value of around 120 °C,
D point is reached, which is commonly referred as the Leidenfrost point. This point does
not only mark the border between the film boiling and the transition boiling regime, but
presents minimum heat flux value, q,,;,-

This regime is characterized by a vapor layer, and it is through it, by conduction and

radiation, how heat transfer takes place from the surface to the liquid.

e Transition Boiling

The next region in the boiling curve is the one known as Transition Boiling regime. It has
its origin at AT, = AT, p = 120 °C, and finishes at AT, = AT, =~ 30 °C (AT, < AT, <
AT, p ). In fact, this region is considered a transition path between two main regions,
Film boiling and Nucleate boiling, so its conditions vary between them.

As AT, decreases, the vapor layer thickness is reduced and becomes unstable,
prioritising contact between liquid and solid surface. The liquid is known for having
higher thermal conductivity than the vapor, so the less vapor surrounds the surface, and
the more amount of liquid interacts with solid surface, the higher heat flux, g .
According to

Figure 2, q¢ grows until reaching its peak value at AT, = AT, = 30 °C. Under this

144

temperature, the heat flux turns into maximum value qqx-

e Nucleate Boiling

Following Transition boiling, Nucleate boiling regimes makes its first appearance just
below AT, = AT, =~ 30 °C. Its range goes from this particular point until AT, = AT, 4 =
5 9C, and its trajectory may be divided in two subregions, both of them with downward
trend.

C point was stated as the one where the maximum heat flux takes place. This means
that, under these circumstances, the layer formed since the first contact has been
reduced substantially, but the remaining vapor covering the surface does not allow heat
flux to keep growing.

The first subregion, CB, is characterized by having much vapor formed again, thus
reducing the heat flux as AT, decreases. Unlike the vapor from the Film boiling regime,
this one does not stick to the surface of the piece, but it rises to the free surface in form
of columns.

In the second subregion, B4, the vapor bubbles get more and more closer to the surface
of the sample. This leads to a more intense interference between the vapor bubbles,
retraining the motion of fluid near the surface, thus reducing g and h.



e Free Convection Boiling

The last region within the boiling curve is called Free convection boiling regime. It exists
under condition of AT, < AT, 4, = 5 °C, but it is important that AT, remains positive so
boiling can occur. As its name implies, this regime is governed by free convection
between the fluid and surface. In this last region, heat flux also reduces as AT, decreases,
but is trend is not as steep as it was before. Once AT, becomes 0, no boiling occurs
during the fluid-solid interaction, and cooling becomes uniform from this point on,
reducing gradually the heat flux.

All in all, a phase change of the cooling fluid may present some difficulties in the
understanding of this phenomenon, but the heat transfer coefficients achieved along
these boiling regimes are much higher than the ones achieved with convection with no
phase change. This means that higher heat flux values are reached, and therefore better
cooling rates for quenching.

Despite the fact this curve is based on quenching by water, similar trends appear with
other fluids.

1.1.4 Annealing

Once these two main steps are accomplished, heating and cooling, it is stated that
guenching has come to an end. But despite the high fragility the quenched steel shows,
and the internal stresses originated by the volume changes of the martensite
microstructure, the steel piece needs to undergo another heat treatment process, the
so-called annealing. The aim of this technique is to reduce the high fragility of the sample
produced by the quenching, despite reducing simultaneously its hardness. To do so, the
steel piece is heated up to a temperature lower than the austenization temperature, is
kept for a short time, and then cooling process is carried out up to room temperature.

Although this last process has many intel it is possible to dive in, it does not represent a
priority for this thesis, so it will be kept aside.



2. Introduction

2.1 Quenching techniques

As for the different ways to carry out the cooling step, the most known and established
pieces of equipment are the water bath, sprays and impinging jets. The first one could
be stated as the traditional method, leaving the latter ones as developing systems. The
steel industry has used the water bath as its main quenching device for many decades,
even nowadays it is used to perform this ultra-fast cooling role (Figure 3).

Figure 3: Industrial water tank used for quenching [5]

But despite its popularity, the setbacks the factories encounter, such as not having good
control over cooling process, slowness or chain production interruption bring up the
need of looking for alternatives. This thesis is focused on the study of one of these new
cooling techniques, the water impinging jets.

2.1.1 Water impinging jet

According to Weigand and Spring [6], jet impingement systems provide an effective
means for the enhancement of convective processes due to the high heat and mass
transfer rates that can be achieved.

An impinging jet is basically a cylindrical tool, of certain area, through which water, or
any other fluid, may be forced to flow with certain velocity (Figure 4).



Nozzle

Liguid

Figure 4: Jet impinging jet [6]

Depending on the number of impinging jets used for the configuration, they may be
classified as: single jet or multi-jet configuration. The differences between them lie not
only in the number, but in the flow and heat transfer as well. The reason of this is that,
under certain conditions, the flow coming from a jet may interact with the flow of an
adjacent jet. The point where this interaction takes place originates two different types
of interference:

e Jet to jet interference before impingement on the surface (in case of small jet-
to-jet spacing).
e Interaction among the surface flows (wall jets).

With only taking this into account, it is easy to see how working with single jet
configurations brings fewer problems than multi-jet configuration. The design of the
latter regarding heat transfer is described as a tedious and complex work, since many
variables get involved. On the other hand, and being a common point for both single
and multi-jet design, the settled flow and geometrical parameters need to provide both
an efficient and uniform heat transfer over the surface of the piece.

Being the flow and heat transfer the two main characteristics of this method, special
attention should be paid on their comprehension.

2.1.1.1 Fluid flow

The complexity of this characteristic lies on its evolution since the very first moment it
leaves the nozzle until it spreads along the surface. This fluid development is usually
found divided in three different regions [6]: the free jet region, the stagnation flow
region, and the wall jet region.

For a better understanding and visualization, Figure 5 shows this division for a single
impinging jet.
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Figure 5: Fluid flow regions of a single impinging jet [6]

The first division is the free jet region. Inside it, the fluid flow starts to broaden more
and more, due to it is no longer confined. As this happens, the potential core, i.e., the
area where the flow velocity still has the same value as the bulk jet velocity at the nozzle
exit, W, becomes narrower and narrower, until it finally disappears, loosing this
maximum velocity value. Obviously, this kinetic energy from the axial velocity
component cannot just vanish, but it generates an acceleration on the horizontal plane.
Once the flow reaches the surface, the free jet region ends, and the stagnation flow
region begins. This division just covers an area not much bigger that the stagnation
point, being intensely affected by the wall itself.

The last region is called wall jet region, and it encompasses the radial spread of the flow
after its encounter with the surface. In terms of horizontal velocity, the flow presents a
value of zero at the stagnation point, so in this region it is accelerated until reaching a
maximum value at certain distance, which has the value of about one jet diameter from
the stagnation point [6].

Despite being this content aimed at a single impinging jet, the flow of a multi-jet
configuration presents the same divisions, although some crucial differences may show
up.

The first one could be the possibility of an interaction between adjacent fluid jets before
reaching the surface of the sample. This is the result of an excess of fluid flow expansion
in the free jet region, either by a small separation among the jets, or a small distance
between the nozzle and the stagnation point.

Another difference may lie on an interaction between wall jets after the impingement
takes place. The flows originated at the stagnation points over the surface interact with
each other, creating upwash flows or fountains (Figure 6). The size of the fountain
depends on jet-to-jet spacing, jet-to-surface distance and a high fluid jet velocity.

As one may realize, these two events are based on the two interferences mentioned at
the beginning of this chapter.
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2.1.1.2 Heat transfer

Heat transfer is the basis of what researchers and scientist are trying to achieve in this
whole field. The main goal is to reach high cooling rate values by the use of water
impinging jets, so cooling may take place at shorter time. The boiling phenomenon is
not similar to quenching steel in water bath, although some boiling regimes are
introduced during the quenching process.

Some studies, such as the one performed by Hatta et al. [8], achieved major
breakthroughs on their attempt to understand the heat flux distribution during the
process. They conducted an experiment on quenching a steel plate by subcooled water
jet, and during the tests it was possible to observe three different cooling regions
created over the surface: The wetted region, the annular region and the unwetted
region. The results of the tests showed that the highest heat flux value took place within
the wetted region, specifically next to the stagnation point. It was possible to observe
that this region was governed by nucleate boiling, although more and more transition
boiling conditions were adopted as observations moved away from the stagnation point.
On the other hand, the annular region was defined as an area where transition boiling
happened, and fluid was removed from the surface by drops due to resistance of large
temperature difference between fluid and solid, which avoids the fluid to keep
spreading and quenching the piece. This phenomenon had its reason on the vapor
bubbles created on the first contact between the fluid and the heated surface, which
spread radially until gathering at certain distance, creating a film that isolated the
surface from the water [9]. Finally, the furthest region from the stagnation point was
identified as been ruled by film boiling, since the water drops spread away over the
vapor layer. Karwa et al. [10] determined that this fluid-solid contact over the surface
does not take place until the fluid is strong enough to eliminate the vapor layer, so the
wetted region can expand radially. In their experiment they concluded that increasing
parameters such as jet velocity or subcooling results in a higher propagation velocity of
the wetted region, wetting front velocity, could be obtained, though this value reduced
as moving away from the stagnation point. This idea was based on the observation of
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getting smaller vapor bubbles in the regions under these circumstances, which
originated a weaker resistance to the fluid flow. This allowed the wetting front to grow
in a bigger rate, achieving both more uniform and higher cooling rates. Figure 7 shows
the different regions stablished on the impingement surface during quenching.
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Figure 7: Distinct regions identified on the impingement surface during quenching [10]

Unfortunately, heat transfer phenomenon is not something which can be easily
controlled, and its performance is affected by several parameters, such as: bulk jet
velocity at the nozzle exit, nozzle shape, initial temperature of surface, jet-to-jet spacing,
fluid flow development over the surface, turbulence level, etc.

All these variables are not independent from each other, but they are interconnected.
This undoubtedly makes the study more complex, since the one same parameter should
be studied from other variables’ point of view.

Although fluid flow and heat transfer have been presented as two different phenomena,
truth is there exists a profound relationship between them. All the variables mentioned
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above are linked to heat transfer by the fluid flow. They all set the basis to achieve a
final cooling rate value, but it is by the fluid performance the way variables’ effects are
not only taken into consideration, but also comprehended.

2113 Quenching parameters by water impinging jet

Despite the numerous influencing factors or variables which affect heat transfer in this
process, this thesis only focuses on a few of them:

o Jet velocity

Jet velocity, or bulk jet velocity, is a parameter which measures the speed the water
possesses when leaving the nozzle. Its role is considered decisive in the quenching
process, and therefore many researchers have carried out a good deal of experiments
to unravel it completely. Jahedi et al [11]. performed an experiment on a rotating hollow
cylinder by one row of water impinging jets. Along its development, it could be seen that
low values of Reynolds number (Re = 8,006) reported low cooling rates, whereas higher
jet velocities (Re > 8,006) resulted in more extreme temperature drops above 400 °C,
thus higher cooling rates. They concluded that higher Re values brings better liquid-solid
contact in film and transition boiling, but it is meaningless in nucleate boiling.

e Jet-to-surface spacing

It is defined as space between the nozzles and surface of quenching specimen. This
variable is represented by dimensionless number H/d, with H equal to the straight
distance from the nozzle exist to the surface, and d as the nozzle diameter. Its
importance lies mainly in multi-jet configurations, and it is due to the possible
interaction among the water jets before reaching the impinging point on the surface, a
phenomenon which does not occur when working with single-jet configurations. As
stated before, these interferences report low heat transfer values, so many experiments
have been performed in order to designate which separations distance ranges should
be avoided, and which should be considered appropriate. Xiaojun et al. [12] carried out
several tests on quenching a flat plate with an obliquely impinging circular air jet, and
they established that this interference becomes more and more intense as H/d
increased, weakening the jet, and therefore degrading the heat transfer phenomenon.
The optimum range of H/d was set up between 6 and 8 times the d value. This idea was
subsequently extended with experiments that determined that this jet-to-surface
distance effect was negligible for flows with small Reynolds number [7].
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e QOpen area ratio

The parameter “open area”, Ay, is defined as cooling area corresponding to each
individual impinging jet. The relative hydrodynamic diameter, D;, of surface area
covered by each jet is calculated as follow:

4-*Af

Dn= |— (2.2)

The open area ratio, Dy /d, between the internal diameter of the nozzle (d) and the
hydrodynamic diameter of surface area covered by the jet (Dy), is defined as
dimensionless parameter related to size of impinging jet and the cooling area. This
relation must be treated carefully, since heat transfer is deeply affected by its
development. Throughout the last past years, several experiments and researches have
proven a relationship between the open area parameter and the jet-to-jet spacing factor
[7], [13]. The reason of this was determined when analysing the heat transfer’s ongoing
for very small values of A¢, which, for multi-jet configurations, corresponded to big jet-
to-jet spacing configurations. Since those points where heat transfer peaks take place,
stagnation points, are far from each other, the surface is not properly covered by these
key points for a fast cooling. Conversely, if Af is given too high values, the jets interacted
with each other after the impingement, degrading the heat transfer phenomenon.
Therefore, it was stated that medium values of A should be taken in order to get
suitable heat transfer values and uniformity [6].

e Subcooling temperature

This term is referred to the temperature of cooling fluid which is lower than the
saturation temperature of fluid at certain pressure, Tg,;. It is expressed by ATy,,;,, which
represents the difference between T,,; and fluid temperature. Jahedi et al. [7]
performed several experiments focusing on how effect of this factor could be to the heat
transfer phenomenon. They concluded for their experiment that with medium values of
AT, p, 55 £ AT, < 65 K, the cooling trends were similar, and no difference was shown.
Yet, when ATy, was forced to reach higher values, of around 80 K, an enhancement in
the cooling rate occurred in both the film and transition boiling regime. Gradeck et al.
[14] had previously carried out similar experiments, and in their research, a solid
attempt to understand the development of the Leidenfrost temperature was made.
They found that this Leidenfrost temperature increases with subcooling, allowing the
transition boiling regime to last longer, and therefore reaching a higher maximum heat
flux, gmqyx- Islam et al. [15] experimented with heated cylindrical steel pieces and
impinging water jets, working within a range of 5 < AT,;, £ 50 K, and in the resulting
temperature-time curves, it could be seen that the higher the jet velocity and the
subcooling, the lower the time to perform quenching.
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e |[nitial quenching temperature

The initial quenching temperature, T;, stablishes which boiling regime the cooling
process starts with over the surface. Jahedi and Moshfegh [10, 12], have studied this
parameter in several of their experiments, trying to comprehend its nature. In one of
their studies, they decided to work with an initial surface temperature range of 250-600
°C, and their results showed that working with T; as close as possible to the Leidenfrost
temperature brings up higher g,,4,. Quenching with rather high values of T;, 550-600 °C
for the experiment, resulted in lower values of heat transfer along different regimes,
mostly by the thicker vapor layer generated at the film boiling regime. Besides, T; > 600
°C would also mean longer time to reach g4, point. On the other hand, working with
really low initial surface temperatures, below the maximum heat flux point, would not
allow to achieve g,y qx-

The experiments also showed that the cooling rate values within the nucleate boiling
regime were practically independent from T;, so this temperature’s influence was
located upwards. In conclusion, working with in-between T; values, transition boiling
regime, provides not only better cooling rates, but also less time to reach g ux-
According to the results, T; = 350 °C delivered the highest heat transfer value under the

surface, and the shortest time to meet the peak value.

Summarizing, many has been discovered during the past years about the nature of this
technique. The studies, the experiments and the reviews performed by scientists and
researchers have contributed to comprehend quenching in ways never imagined. The
physics, the engineering, even new potential applications of this technique move
forward with every passing day. But despite all these breakthroughs and tenets
developed throughout the years, many fields remain unknown. Multi-jet configurations,
simultaneous different cooling flow rates performance and other concepts and
techniques await to be studied and understood. Thus, the author of this master thesis
committed himself to contribute to this quest by carrying out some experiments to help
understand some of these ignored aspects.
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3. Aims and approach

So far it has been presented everything that was achieved and understood about
quenching throughout the years by the performance of multiple experiments and tests.
But now the question is: What comes next? Where does this whole path lead to? What
is the next step to take? During the previous chapters some clues have been given about
which direction this thesis is going under, which fields are left aside, and which theories
and ideas will be used as means of support.

The main goal of this master thesis is study of quenching by water impinging jets on a
heated plate. The research will deep into analysing the role of multi-jet configurations,
by providing simultaneously different flow rates during the quenching in the neighbour
jets, which will correspond to obtain different material properties in a small open area.
In another word, the main focus of this study is to investigate if large differences of
cooling rate over small quenching area can be obtained by applying two different flow
rates on the adjacent jets, which can lead to obtaining different material properties in
different parts of small steel sample for specific practical purposes. These aims will be
addressed by acting on some influencing parameters, such as jet velocity, open area
ratio, subcooling temperature and initial surface temperature. Many experiments have
been performed developing numerous patterns and criterions on how these and many
other factors behave respecting heat transfer, but never under these specific
experimental conditions. A priori, it is not expected to find contradictory evidences
regarding previous conclusions and statements, but there lies the possibility of
developing a deeper understanding on certain areas that may help to adjust and refine
the preceding approaches.

This study will not only shed some light into the multi-jet configuration comprehension,
but also in the pursuit of better cooling rates and how to accomplish them.
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4. Experimental method

4.1 Experimental set-up

The different equipment used to perform the experiments for this thesis, as well as the
assembly, are based on the set-up used by Jahedi et al. [11]. Figure 8 illustrates a
schematic of the shape and the instruments that integrates the whole set-up of the
experiment.

i
L=1200 mm
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|
L=1200 mm g
= 3
(s) g
— o
( 1\ Water pump <j?’ Test chamber * Piping dimension: DN 50 (Pump 1)
(,Z\J Flow meter <\§/’ Filter * Piping dimension: DN 25 (Pump 2)
(3) Pressure transducer (9) Power controler: heater/cooler element
(4) Solenoid valve 10 Gate valve
(5) Water Tank, 1 m3 @D Water jets
(6) Air trap Connection cables

Figure 8: Schematic of experimental set-up

The different equipment showed in the figure above allow to carry out both the heating
and cooling steps in the experiment. An induction heater is used to heat up the sample
plate slightly higher than the initial temperature of quenching. This device is movable,
so once the final temperature is reached, it can be removed easily, and the time
between one step and the next is minimal. A servo motor is used during this step to
provide rotation to the test specimen to accomplish a more uniform temperature
distribution. The water is pumped through an internal circulation to regulate flow rate
and water temperature. Flow rate and pressure are measured by a magnetic flow meter
and gauge pressure transducer respectively. Two pumps are used during the experiment
since two diverse water flow rates are used to quench each half of the plate at the same
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time. The water used for quenching is delivered by the water tank placed on top, and
the returning water from the chamber is pumped into a second tank placed below. Two-
way solenoid valves are used to control the direction of the water flow towards the
chamber, whereas some other valves are used to control the flow within the
recirculating line.

As for where the sample is placed, and therefore the heating and cooling takes place,
the chamber takes that role. It is in essence a metal empty box with enough space to
take in the sample plate. On one wall there is a vertical hatch through which the heater
can enter and exit, whereas the other one has an adaptor to attach the plate to the
servomotor, so it can rotate during the heating step to heat up more uniform before
quenching and stay put during the cooling process. To avoid cooling the other sides of
the plate, insulation is set over them, fixed by four rectangular support plates screwed
to the sample plate. Regarding the jets, a total number of eight nozzles constitute the
whole configuration. The jets are divided in two groups, one group fed by one pump,
and the other group fed by the other pump. Since it is desired to work with different
flow rates simultaneously, four water jets are connected to the first pump, and the other
four water jets to the second one. The chamber’s ceiling is where the jets are located
aiming the plate, and the floor has a drainage to take away the water used for cooling.
More detail of cooling configuration may be seen in Figure 9.

Water jets connected
topump 1

Water jets connected to pump 2

Figure 9: Schematic of nozzles and plate

To record data during the experiment, 22 N-type thermocouples (@-0.75mm) are placed
in two depths inside the plate, so measurement signal of the temperature during both
the heating and cooling processes is collected (Figure 10). All this intel is stored in a
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Labview software, which can lately be exported to an Excel file. The thermocouples are
lined up longitudinally in two rows, 11 sensors each. The thermocouple line closer to the
surface and the one placed in the middle are named as R2 and R1 respectively. The
distances between the sensors are 5 mm longitudinally and 4.5 mm transversally, with
the line set to start 25 mm away from the ends. More details regarding the experimental
configuration and the process may be found in the study of Jahedi and Moshfegh [7].
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Figure 10: Schematic of jet position and the drilled configuration of holes in the plate to install
thermocouples in lines Ry and R,.
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4.2 Experimental procedure

The process to perform the test goes as follows:

1.

Initial considerations and checks must be performed: The sample is put in
position, the valves are open, so the water can flow in the internal circulation,
the flow rate is checked by the flow meter, and the input values of initial and
final quenching temperatures and servo motor rotating speed are set.

The servo motor is switched on and the induction heater is placed inside the
chamber, keeping the sample plate inside.

The heating step starts, and it goes until the test temperature has been reached.
The heating is done up to slightly upper than the initial quenching temperature.
The temperature evolution is followed thanks to the thermocouples placed
inside the plate, which collect and send the data to the Labview program in the
computer. There it is possible to track down not only the temperature of the
measuring points, but the mean temperature of the whole plate too.

Once the heating step has been accomplished, and a temperature uniformity can
be appreciated, the servo motor is stopped, the heater is removed quickly from
the chamber, the hatch is closed, and the water impinging jets are placed in
position, sealing the whole chamber. All in all, the water chamber is completely
shut for the cooling step.

Now, as soon as initial quenching temperature is obtained, the quenching is set
in motion, and the water jets starts to cool down the plate. Pump 1 is activated
automatically, whereas pump 2 needs a manual opening process on its following
valve. The thermocouples keep measuring the temperature variation, and a
temperature-time curve is created.

The cooling process stops once the input final temperature value has been
reached by the mean temperature of the plate. No more data is recorded, and
the experiment is finished.

4.3Range of parameters

The sample used for the experiments is a 100 x 100 x 15 mm carbon plate. Along the
study it is tested under different conditions, varying one parameter at a time, while the
rest are kept under their reference value. Previously, it had been mentioned that two
different flow rates are used simultaneously to perform quenching, and therefore the
water jets need to connect to separate water pumps. That said, only the jets and the
flow rate related to pump 1 are meant to suffer variations from their reference values,
whilst the jets and rate of pump 2 suffer none.
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Table 1 shows the different parameters tested during the experiments, as well as the
units and values they take. As it may be clear to the eye, open area ratio, D,/d, is
constituted by two parameters, and whereas D;, keeps a constant value of 112.8 mm, d
may be 4, 6 and 8 mm. Parameter H refers to the jet-to-surface spacing, and along with
Qpumpz and d;, being the latter the diameter of the jets connected to pump 2, they are
kept constant during the study. These constant values are defined as reference values,
andin

Table 1 they are shown in bold.

Table 1: Designed range of parameters in the experiments.

Parameter Unit Range
u m/s 195,25 39
AT un K 65, 75
T; oc 400, 500, 600, 700
D, /d - 28.2,18.8, 14.1
H mm 2
Qpump? m?®/h 0.45
dy mm 6
U m/s 1.10

The heating step starts with the sample at room temperature, and it goes up to 730 °C.
From this point, the cooling step works under a temperature range of 700-100 °C. Since
several thermocouples are used to measure the temperature of different points along
the whole process, it has been decided to use mean values of all measured temperatures
as reference value of initial temperature. Within this temperature range, maximum
uncertainty of thermocouple sensor takes place in 600 °C at level of +0.9%. The
uncertainty of sensor location, water temperature and water flow rate are +4.6, +9.2
and £0.7% respectively, with an estimate level of confidence of 95%. Regarding thermal
conductivity, heat capacity and density of steel, mean values are considered: 51 W/m.K,
470 J/Kg K and 7.8 g/cm3respectively. On the other hand, the chemical composition of
the sample plate is described in Table 2.

Table 2: Material concentration of the sample [16].

C [%] Si [%] Mn [%] S [%] P [%] Cr [%] B [%]
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Min 0.25 0.1 1.1 0.01 0.02 0.2 0.0008
Max 0.3 0.4 1.3 0.01 0.02 0.5 0.005

4.4 List of tests in parametric study

The different tests performed in this parametric study are listed in Table 3. With the
exception of Test 1, in which all the parameters take their reference values, the rest
have experienced the variation of one parameter to analyse its effect upon quenching.
As it may be seen, a total number of 9 different tests have been performed, and for each
one of them, different results have been reported. Test 1 is defined as the “reference
test”, Test 2 and 3 focus on the analysis of jet diameter effect, Test 4 and 5 on jet velocity
effect, Test 6, 7 and 8 on the initial temperature effect, and Test 9 on subcooling effect.
Due to the difficulty of achieving the right conditions to perform tests aimed to analyse
this last effect, only one experiment of these characteristics, apart from the reference
test, has been possible.

Table 3: List of tests in the parametric study.

U AT D,/d T,
Test 1 1.9 75 18.8 700
Test 2 1.9 75 28.2 700
Test 3 1.9 75 14.1 700
Test 4 2.9 75 18.8 700
Test5 3.9 75 18.8 700
Test6 1.9 75 18.8 400
Test 7 1.9 75 18.8 500
Test 8 1.9 75 18.8 600
Test 9 1.9 65 18.8 700

22



5. Results and discussion

The results obtained from the experiments are collected thanks to the thermocouples
set in the plate, which track the temperature of different points along the whole test. As
mentioned before, 22 of these sensors constitute the information caption system, and
each one of them report the temperature development of a specific point during
qguenching. Figure 10 provided an insight on how the thermocouples are set along the
plate. It could be seen that 2 lines were formed longitudinally, one in the middle (R,)
and one close to the front side (R-). Since the plate is cooled down from the bigger sides,
the temperature evolution of the points closer to the surface will not be equal to the
one of the points centred. This leads to a separate analysis of the thermocouple lines,
as it is shown in Figure 11 and Figure 12. These two graphs have been extracted from
the results of Test 5.

Measurement line R1
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700 R —T1
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Figure 11: Temperature-time relation of measurement line R, Test 5
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Measurement line R2
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Figure 12: Temperature-time relation of measurement line R,, Test 5

The reason of this is that the thermocouples closer to the surface (R,) experience larger
temperature drop prior than the ones in the middle row (R;), since heat transfer by
internal heat conduction across the plate thickness is not instantaneous. This means that
the temperature-time relation shape of the latter will not be as pronounced as the
others, due to it takes more time to reach R,points. As one may notice in the graphs,
the thermocouples placed in the centre of the plate show a slower evolution than the
ones of the ends. The reason of this is that they are not within the stagnation area, and
thus the cooling is not immediate.

But despite the alleged disadvantages of this separate analysis, the possibility of a
temperature tracking along the plate gives information which cannot be dismissed out
of hand. Figure 13 and Figure 14 show temperature distribution along R; and R,
measuring line for different times of the quenching process. The x-axis refers to the
length of the thermocouple line, being the water jets placed on both ends of it (x =0 and
50 mm). Theoretically, these two incident points report the highest temperature drop
of all, since it is where the highest heat extraction takes place. Meanwhile, the upwash
flow point, which somehow is supposed to be found in the middle of the line, should
show the lowest temperature drop in the beginning of quenching until upwash flows
collide to each other.
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Figure 13: Temperature distribution in line R, at different time steps, Test 5
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Figure 14: Temperature distribution in line R, at different time steps, Test 5

If special attention is payed to the graphs, one may notice that neither the right end
shows one of the highest temperature drops, nor the highest point is in the middle. An
explanation of this may be found upon the test parameters values given for this
experiment in particular. It is highly recommended to the recall that whereas the right
cooling jets always keep the same quenching conditions, the ones set on the left suffer
variations on their parameters. This means that sometimes these jets possess higher
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guenching effect than the others, accomplishing bigger heat extractions upon their
hydrodynamic area. If these happens, the thermocouples will report higher values of
temperature drop on the left side than the ones on the right. Moreover, since Qpymp1
used for the test is higher than Qpymp2, Which is constant in all the experiments, the
strength of the first will push the upwash flow point to the right.

The information presented above comes from Test 5, in which Qpymp1 0f 1.6 m3/h is
used to quench the left part of the plate. The results of this experiment clearly show
how the left end presents the lowest value of temperature (stagnation point), as well as
the shifting of the upwash flow point to the right. Figure 13 shows higher temperature
in the measuring points along the plate for a certain time than the ones in the Figure 14
for the same time step. This is because line R, is closer to the surface, and therefore
heat extraction phenomenon is more dominant. Besides, the effect of different flow
rates is captured strongly in Figure 14. It is possible to see that the measuring points set
on the left side of the plate are cooled by a higher flow rate than the ones set on the
right. As previously said, by having higher flow rate, more water is impinged toward the
plate, and therefore, more cooling takes place, reporting lower temperature values. This
difference is less highlighted over the surface of the plate, while the deeper the measure
takes place, the more outstanding it is.

It is possible to calculate temperature drop rate to achieve an overall picture of
quenching heat transfer footprint along the measurement line in time close to the
quenched surface. Therefore, cooling rate can be calculated by the following equation,

AT Teoar — Tt °C (5.1)
dt At [?]

where At is frequency of temperature measurement (50 Hz), and T;, a; is the
temperature recorded one time step after T;. The 3-D plot of cooling rate is shown in
Figure 15 shows clearly that larger flow rate in the jet in X = 0 mm provided higher
cooling rate compare to the other stagnation region around X = 50 mm. It also shows
clearly that the cooling rate in the upwash zone (X =25 mm) is very poor in the beginning
of quenching and after wall water jets collide to each other after some time (about 5.5
s), cooling rate is increased in the upwash region as well. Similar footprint of heat
transfer is expected in the quenched surface with much larger cooling rate values.
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Figure 15: Cooling rate (%) atline R4, Test 5

5.1 Effect of velocity

From previous researches and experiments, it was concluded that higher jet velocity led
to higher cooling rate. In tests 1, 4 and 5, the velocity parameter is varied, taking the
values of 1.9, 2.9 and 3.9 m/s. From these experiments, a comparison of temperature
distribution along the plate at time t = 3 seconds after beginning of quenching has been
made, as it can be seen in Figure 16 andFigure 17. It may be easy to notice that lower
temperatures are reached along the line with higher jet velocities, which ultimately
means higher cooling rates. The overall shapes of the curves hint that the upwash flow
point has been moved to the right, X~30 mm, since higher velocities with the same
nozzle area brings higher flow rates and wall jet velocity. Therefore, higher wall jet
velocity of water jet in X=0 mm will push the wall jet from adjacent jet in X=50 mm and
upwash flow position is moved slightly to X~30 mm. Clearly, Figure 16 presents higher
values of temperature compared to Figure 17, for heat transfer phenomenon is more
dominant as being closer to the surface.

It may be eye-catching that in Figure 16, a striking crossing takes place on the right side
between U = 2.9 m/s curve and U = 3.9 m/s curve. This is due to a very small difference
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in starting delay time in pump 2, which eventually begins cooling with small delay in
those points. With this in mind, it is easy to realize that U = 2.9 m/s curve would keep a
similar trend as the others from X~25 mm on.
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Figure 16: Effect of jet velocity on temperature distribution at R,
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Figure 17: Effect of jet velocity on temperature distribution at R,
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5.2Effect of jet diameter

In experiments 1, 2 and 3, influence of jet diameter over quenching is analysed. It is
convenient to point out, that although the size of the nozzle is varied, the flow rate is
not. This means that the latter is kept constant throughout the experiments, which leads
to a simultaneous variation of the velocity parameter, but with no shifting of the upwash
flow point. That said, it is right to mention that these results present a behaviour relation
between jet diameter and jet velocity. By looking at Figure 18 and Figure 19, it is safe to
state that no special relevance lies upon this parameter if no flow rate variation exists.
The three curves of various d present same trend, and the effects they may have on
improving cooling rate are negligible. Only slightly better cooling is achieved by d = 4
mm as the jet velocity is higher as well in this test.

800 T T T :
—&— d=4mm
—&-d= 6mm
700 1 —%— d = 8 mm]||

Temperature at RI [°C]

0 10 20 30 40
X [mm]

Ln
(=]

Figure 18: Effect of jet diameter on temperature distribution at R,
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Figure 19: Effect of jet diameter on temperature distribution at R,
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5.3 Effect of initial quenching temperature

The initial temperature is a parameter which holds more meaning that it may seem at
first. As it may be seen in Figure 20 and Figure 21, from tests 1, 6, 7 and 8, the lower the
initial temperature, the lower the temperature distribution along the plate. This may
sound obvious, but no hint is given in terms of cooling rate. If initial temperature takes
high values, different boiling regimes appear during quenching, and therefore the
cooling rate varies greatly along the process. From previous studies it was said that qg'
achieves higher values during nucleate boiling, which usually takes place at low values
of AT,. If the sample is taken to high values of temperature, film boiling will occur, and
low q¢ values will be reported. Formation of vapor bubbles, and thus the vapor layer,
avoids liquid-solid contact, which results in lower heat extraction from the sample.

On the other hand, the upwash flow point is not affected by this parameter, since its
dependence is mainly to the flow rate, and no variation of it is found in this experiment.

When analysing the information showed in the graphs, it is important to keep in mind
that some small start delays may appear on the water pumps performance. These delays
might lead to different temperature values compared to the ones there should truly
appear. In this case, a start delay on pump 1 results in lower values of temperature
reported by the sensors placed on the right end on the measuring line. Since pump 2
has had the chance to start quenching sooner than pump 1, more cooling will be shown
on one side than the other for a specific measuring time.
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Figure 20: Effect of initial temperature on temperature distribution at R,
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Figure 21: Effect of initial temperature on temperature distribution at R,

It is possible to compare the cooling rate footprint of tests with different initial
quenching temperature in order to obtain the overall effect of T; on quenching process.
As it can be seen in Figure 22, similar variation of cooling rate is seen along the
experiments while the magnitude of cooling rates decreases slightly by reducing initial
guenching temperature. It is also interesting that upwash flow region’s cooling rate is
not pronounced strongly in tests T;=700°C, while the upwash flow peak value is clear in
the experiments with lower T;. This phenomenon may be due to existence of both film
and transition boiling regime in the test T;= 700°C, which damps the cooling in the
upwash flow region.

On the other hand, the position of upwash flow point is not affected by initial quenching
temperature, and no variation is found in this experiment.
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Figure 22: 3-D contour plots of cooling rate in tests (a) T;=700°C, (b) T;=600°C, (c) T;=500°C, (d)
T,=400°C.

5.4 Effect of subcooling

Subcooling temperature, expressed by ATy,;,, was defined as the difference between
Tsqt and fluid temperature. By analysing the results obtained from Test 1 and 9, and
showed in Figure 23 and Figure 24, two ideas may be extracted: On the one hand, the
upwash flow point is not affected by this parameter. No shifting of the point is
performed, since there is no change in the cooling rate. On the other hand, the higher
the value of AT, which means lower fluid temperature, the lower the temperature
measured on the points, and therefore higher cooling rates.

Having a look on the graphs, it is possible to realize there exists again a delay start on
pump 1. The reason of this is not only given by the crossing between the two curves, but
also because it is known that the pump 2, which is in charge of cooling the right end of
the measuring line, presents a flow rate lower than the one held by pump 1, that would
lead to lower cooling rates and therefore higher temperature values than the ones on
the left end.
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Figure 23: Effect of subcooling on temperature distribution at R4
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Figure 24: Effect of subcooling on temperature distribution at R,
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6. Conclusions

The aim of this master thesis was to study quenching a heated plate by multiple
configuration of water impinging jets on a heated plate. Two different flow rates are
introduced simultaneously in each experiment in the quenching of two cooling area over
the steel plate, to examine the possibility of producing various cooling rates over the
total steel plate surface on a heated plate. This can lead to development of various
material properties in the material in small areas for specific applications.

The study has been focused on several parameters which have been varied as different
flow rates were used simultaneously to cool down different parts of the plate.

6.1 Study results

After running the different parametric study described, next ideas are extracted:

e The higher the water jet velocity used in quenching, the lower the temperature
of the plate, and therefore the higher the cooling rate achieved. Since the flow
rate of jets in X = 50 mm was constant, greater difference between flow rate of
water jets on X = 0 and 50 mm provided more pronounced cooling rate
differences over the steel plate.

e The jet diameter has no substantial effect on varying the cooling rate if the flow
rate is kept constant. The variation of this parameter only has a positive in
guenching if it originates higher flow rates, which ultimately produces a higher
cooling rate.

e With initial quenching temperature of 600 and 700°C, higher cooling rate is
obtained in the stagnation region of jets, and no significant changes on the
difference of cooling rates at two ends of plate were observed. Upwash flow’s
peak cooling rate is more pronounced at lower initial quenching temperature.

o The higher the subcooling, the lower the fluid temperature used for quenching,
and therefore the higher the cooling rate. The heat extraction potential turns
higher if more heat energy gap is presented between the fluid and solid.
Nevertheless, the differences in the cooling rate are not significant in the tested
range of subcooling in this study.

e The shifting of the upwash flow point from its original position in the middle of
measurement line (X = 25 mm) is only caused by the flow rate difference
between the jets. If the flow rate of one pump is much higher than the other
one, the strength of the first will push the upwash flow point to the opposite
end.
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6.2 Outlook

This study is described as experimental, and because of it, performing errors,
measurement imbalances and other inaccuracies may come up. All these details and
more have been detected, analysed and considered if necessary, so nothing is left to
chance. But these limitations and setbacks the study presents, either by the equipment
used or by the assumptions made, open the door to new ways of improving this type of
experiments and creating new avenues of thought.

The ideas and statements reported by the results have agreed with previous
experiments and researches, and it has also been proved that it is possible to work with
different flow rates without disrupting each other’s performance, obtaining different
cooling rate levels on diverse areas. This situation may contribute to different material
properties in the steel sample, bringing up the possibility of carrying out different
guenching processes at the same time, saving both time and money.

Yet, the study about quenching is not finished. The possibilities of this technique are
huge, and its understanding and comprehension are not completed. More research
must be done both in the quenching technique optimization, and material properties
development.

6.3 Perspectives

Quenching by water impinging jets is not the best example of energy production system.
As explained before, it is a revolutionary technique inside the steel industry, whose aim
is not orientated to achieve lower carbon emissions or reduce energy consumption, but
to improve the process by reducing working times and raising efficiency. By all odds,
some people have seen certain potential in using the waste heat from the return hot
water. But due to the small dimensions of the steel plate, and therefore the small
amount of water used during the quenching process, this heat recovery is not worth it.
Therefore, the idea of studying this technique in a broader perspective, specifically in
terms of sustainable development, does not entirely match with this topic.
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