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Abstract
Experimental investigations have been performed for the cooling of hot moving metal sheets of thickness 2 mm and 5 mm 
with the initial temperature of 500 °C to 800 °C by two flat spray nozzles. Tap water at room temperature is used as a coolant. 
Experiments are carried out for nickel, nicrofer, and aluminum alloy AA6082 with varying sheet velocity( 5,10,15 mm/s) 
and nozzle inclination angle (45°,65°,90°). The temperature distribution on the backside of the sheet during the cooling is 
recorded with a high-speed infrared camera. The recorded thermal data are used in the inverse heat conduction analysis to 
estimate the local heat fluxes and temperatures on the quenched surface. The thermal images obtained are used to analyze 
the length of the pre-cooling, transition boiling, and nucleate boiling. The maximum heat flux, the DNB temperature, and 
the rewetting temperature are presented for researched parameters. The nozzle inclination angle has a weak influence. The 
higher the velocity and the thickness of the sheet are, the higher the maximum heat flux and the shorter the pre-cooling 
region. The reason is that the position of the max. heat flux is shifted downstream near to impingement region.

List of notations
3D  Three dimensional
b  Spray width (mm)
B  Impacting length (mm)
CGM  Conjugate gradient method
CHF  Critical heat flux
DNB  Departure nucleate boiling
ɣ  Conjugate coefficient
H  Distance between nozzle and sheet (mm)
h  Distance between two nozzles (mm)
Hz  Hertz
IR  Infrared recording
J  Gradient of descent
k  Iteration number
M  Total number of measurement points
P  Direction of descent
q̇   Heat flux (MW/m2)
q.

max  Maximum heat flux (MW/m2)
s  Material thickness (mm)
t  Time (sec)
T  Temperature (°C)
T0  Start temperature (°C)

TC  Thermocouple
tf  Final time (sec)
Tm  Estimated temp- (°C)
Trw  Rewetting temp- (°C)
wp  Sheet velocity (mm/s)
Ym  Measured temp- (°C)
z*  Eulerain coordinate (mm)
α  Nozzle inclination angle (degree)
β  Search step size
ε  Stopping criterion
σ  Standard deviation

1 Introduction

The advanced high-strength metallic components found sev-
eral applications in the automobile, aerospace, and construc-
tion industry. Quenching or ultrafast cooling using water is 
commonly employed during hardening, continuous casting, 
and thermal treatment of metals. In these processes, the ini-
tial metal temperature to be cooled can be up to 1000 °C 
for steel alloys, or above 500 °C for aluminum alloys. The 
required surface morphology, microstructure, and mechani-
cal properties of the metal depend on the cooling rate. How-
ever, to achieve the aforementioned properties and to reduce 
inhomogeneities and thermal stresses, the cooling rate or 
heat transfer must be controlled accordingly. Various cooling 
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techniques are used due to their specific features: pool boil-
ing, jet, spray impingement, and many others. The imping-
ing liquid jets are well known for rapid and extensive heat 
removal, whereas moderate and uniform cooling sprays are 
used e.g. during the secondary cooling stage of continuous 
cooling of steel. The array of water jets from a mold form-
ing a water curtain is used in a direct chill casting process of 
non-ferrous metals like aluminum, copper, and their alloys. 
Additionally, the nozzle fields consisting of different nozzle 
types are utilized, if the being quenched object is dimension-
ally wide. Heat transfer characteristics are mainly influenced 
by nozzle parameters, type of metals, sheet velocity, and 
cooling medium properties and they strongly affect cooling 
rate and uniformity. Therefore, a comprehensive understand-
ing of these parameters is crucial for the optimization of the 
cooling system.

The heat released during the quenching process as a func-
tion of the surface temperature so-called boiling curve is 
shown in Fig. 1.

The boiling curve has main characteristic points like the 
Leidenfrost temperature  TLe, the minimum heat flux  q.

min, the 
maximum heat flux  q.

max, and the departure nucleate boiling 
temperature  TDNB. The partial film boiling and nucleate boil-
ing ranges can be approximated well by a parabolic function 
which is stated in [1].

Numerous studies have been conducted to determine the 
heat transfer characteristics such as DNB (departure from 
nucleate boiling), rewetting temperature, and maximum 
heat flux during the quenching of metals. Woche et al. [2] 
investigated DNB (departure nucleate boiling) and rewetting 
temperatures using the single-flat spray nozzle and a field 
of full jet nozzles for stationary metal sheets. Waldeck et al. 
[3] studied the heat transfer in the quenching process with 
impinging liquid jets and successfully simulated the entire 
cooling process in the jet quenching process including all 

boiling regimes. Gradeck et al. [4] investigated the quench-
ing of a hot rotating cylinder with an initial temperature 
of 500 °C to 600 °C by a subcooled water jet. The study 
results showed that cooling rates are greatly affected by the 
moving velocity of the solid. Vakili and Gadala [5] studied 
boiling heat transfer on a hot moving plate by a row of mul-
tiple impinging water jets and found out that heat transfer 
in impact zones is influenced by plate velocity. Fujimoto 
et al. [6] investigated experimentally the heat transfer of a 
circular water jet on a moving hot steel plate. The research-
ers reported that heat flux increases and the position of the 
maximum heat flux shift downstream with an increase in 
the sheet velocity. Chen et al. [7] studied heat transfer in the 
case of a circular jet impinging on a moving metal plate and 
concluded that the overall heat transfer rate is higher in the 
case of a moving plate than in the stationary one. The jet 
impingement cooling of a hot moving steel plate at 900 °C 
initial temperature is investigated by [8]. The research group 
found that the cooling efficiency increases by increasing the 
water flow rate, nozzle height, and the speed of the plate up 
to a maximum value and then decreases.

Conventionally, the embedded thermocouples are used 
to measure the temperature profiles, which limits the spatial 
resolution because the thermocouples cannot be physically 
installed as close as possible to the quenched surface. This 
impediment poses a challenge to accurate measurement of 
temperatures, where the temperature drops rapidly due to 
high-temperature gradients. For that reason, the University 
of Magdeburg has been focusing on the contactless measure-
ment infrared thermography technique, which can be found 
in several dissertations [9–11]. It has been employed in sci-
entific research [12–14] since 2003, which is a very effec-
tive technique for temperature measurements. Labergue et al. 
[15] used an infrared camera for temperature measurements 
during the cooling of a hot surface using sprays and jets.

In the literature, many studies can be found in the field of 
cooling hot moving and stationary metal plates to study heat 
transfer using water jets but relatively fewer scientific inves-
tigations are available for flat spray quenching of metals. 
Henceforth, the current research is focused on the cooling of 
moving metal sheets using a combination of two flat spray 
nozzles. The final goal of this research is to find the influ-
ence of various parameters, i.e. nozzle inclination angle, 
metal type, sheet thickness, and sheet velocity, on the local 
heat transfer and maximum heat flux. The local heat flux on 
the quenched side is determined using a two-dimensional 
inverse heat conduction problem. The temperature field on 
the rear face (opposite side of the impingement) is measured 
by infrared thermography. Additionally, a 3D-numerical 
model for moving sheets based on the Eulerian approach is 
developed at Bremen University. The conjugate heat trans-
fer problem is solved in two-phase numerical modeling in 
commercial software ANSYS Fluent, in which water acts Fig. 1  Parabolic approximation of the boiling curve
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as a continuous phase and vapor as a dispersed phase. The 
model is validated with the experimental data and can suc-
cessfully simulate all quenching regions during cooling. 
Further details about the model can be found in [16–18].

2  Measuring and analysis method

2.1  Experimental facility

In the experiments, vertically moving hot metal sheets are 
quenched from high temperatures by two flat sprays. The 
experimental setup is illustrated in Fig. 2.

The sheet is electrically heated to the desired starting 
temperature in a furnace and then transferred to the cooling 
chamber using sliding rails, where it is positioned in front 
of the nozzles. The sheet is moved vertically using a traverse 
and is quenched by flat sprays under controlled conditions. 
Meanwhile, the temperature of the sheet that is being cooled 
is recorded from the back side with a high-speed infrared 
camera of 200 fps frame rate. The measurement range for 
the camera is 150 °C to 1000 °C.

Aluminum alloy (AA6082), nickel, and nicrofer sheets 
(250 × 230 mm) of 2 mm and 5 mm thickness were heated 
in the furnace up to a homogenous start temperature in the 
range of 500 to 800 °C. The sheet velocities are varied from 
5 to 15 mm/s. The rear side of the metal sheet is coated with 
black paint of high (approximately 0.93) temperature-stable 
emissivity necessary for accurate infrared recordings.

A calibration experiment has been performed for the  
validation of IR camera measurements. A thermocouple 
(TC) is installed 1 mm below the surface of a 10 mm stain-
less steel plate and the temperature profiles are compared 
with surface temperature recordings of the IR camera. The 
sheet temperature was held and at constant a temperature, the 
deviance between both measurements is ± 1 K. During the  
plate cooling in the air with a start temperature of 850 °C, 

a temperature difference of 11 K was observed between TC 
and IR camera measurements due to the depth of the TC. 
The emissivity of the used black coating was determined to 
be 0.93 ± 0.02 independent of temperature.

The flat spray is characterized by spray angle (β), spray 
width (b), and impacting length (B) that then forms a rectan-
gular shape liquid film on the hot surface, as shown in Fig. 3. 
The spray nozzle field of two flat sprays 35 mm apart from 
each other is used for experimental investigations. The water 
pressure was kept at 2 bar constant and the temperature was 
set to 22 °C.

A distance of 50 mm was maintained between the noz-
zles and the sheet. To avoid start-up irregularities, a protec-
tion sheet or splash shield was used and removed before the 
quenching process started, so that fully formed water jets 
hit the hot sheet.

Figure 4 shows a camera snapshot of a flat spray imping-
ing on a hot surface.

It can be seen that the area close to the stagnation point is 
wetted and the rectangular-shaped wetting front propagates 
outward. Due to the liquid evaporation process, the liquid 
film disrupts the surface and forms droplets. These droplets 
fly outwards, leaving the surface behind dry, and conse-
quently, without any cooling effect on the surface. Transition 
and nucleate boiling occur in this region.

2.2  Impingement flux

For flat sprays, the volume flow rate is used as a character-
istic parameter. The total volume flow rate of the water that 
impinges on the surface with a width of 80 mm is equal to 
25 L/min m. The impingement flux and its local distribution 
is another important influencing factor for flat sprays and is 
measured using a patternator, which is built and designed in 
our lab by our lab technicians. Figure 5 shows the patterna-
tor schematics and the profile of impingement flux for two 
flat sprays at a constant pressure of 2 bar. The impingement 

Fig. 2  Schematic diagram of the 
experimental set-up
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setup consists of nozzles 35 mm apart nozzles facing down-
sides mounted on a stand. The stand can be precisely con-
trolled and moved in all three dimensions with an accuracy  
of millimeters. Below the nozzles, there is a board having 
10 mm small cylindrical tubes of 10 mm diameter arranged in  
a linear array, which are further connected with small water 
collecting bottles.

The maximum spray flux is obtained in the middle of 
the two sprays, due to the superposition. It can be seen that 
between the -10 and 10 mm range, the impingement flux is 
maximum and does not change significantly. For that rea-
son, the measuring line is drawn along the center of the two 
sprays during the processing of experimental data.

2.3  Infrared recording

In the present study, an infrared camera ‘ImageIR 8800’ 
from ‘InfraTec GmbH’ is used with a frequency of 200 Hz 
and a resolution of 640 × 512 pixels. An infrared image of a 
5 mm thick nickel sheet is illustrated in Fig. 6. The sheet is 
moving with 5 mm/s velocity and its corresponding profile 
at the time instant 10 s can be seen. For the extraction of 

temperatures during the cooling process, measuring lines 
L1, L2, and L3 are drawn.

The top side of the sheet has a high temperature close to 
the start temperature of 800 °C and it decreases sharply as 
the wetting front or wetted region approaches. Temperature 
profiles for these measuring lines show a uniform homoge-
neous cooling and all three profiles are quite the same, due 
to the propagation of the rectangular wetting front.

For analysis, the measuring line is drawn for all experi-
ments in the middle of two interacting nozzles, where the 
maximum spray flux and consequently, the highest heat flux 
occurs.

2.4  Boiling regions

As the water from the nozzle hits the hot moving sheet, three 
regions form on it. The schematic representation of these 
regions (A, B, C) and the corresponding temperature profile 
can be seen in Fig. 7.

The temperatures are plotted against the sheet length, 
where z* = 0 shows the position of the nozzle or impinge-
ment point on the sheet. The negative range of z* shows 

Fig. 3  Schematic representation 
of two flat sprays

Fig. 4  A high-speed camera image of impinging a single flat spray on 
the hot sheet Fig. 5  Impingement flux along the spray axis
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the top hot part of the sheet. The temperature starts 
decreasing before the wetting front approaches, it is due 
to axial heat conduction and is known as the pre-cooling 
region. In metals with high thermal conductivity, such as 
Aluminium, the temperature drops more sharply in this 
region. The rewetting temperature is the temperature at 
which the sheet is wet by water and starts cooling down 
due to water quenching. The region between the rewetting 
temperature  Trw and the DNB (departure from nucleate 
boiling) is the transition boiling region. The nucleate boil-
ing region starts after DNB where the maximum heat flux 
 qmax is obtained.

2.5  Inverse heat conduction method

For the heat transfer analysis, the temperatures of the 
quenched surface are required. Therefore, these temperatures 
have to be calculated using the measured surface tempera-
tures on the back side of the sheet. For this calculation, an 
inverse heat conduction method was applied. Inverse mod-
eling has caught real attention due to its unique applica-
tions in recent years and many inverse models have been 
developed by several researchers to determine heat flux or 
heat transfer coefficient. A one-dimensional heat conduc-
tion formulation based on a sequential function specification 

Fig. 6  An infrared image and 
corresponding cooling curve

Fig. 7  Different regions and 
temperature profile along the 
sheet length during the cooling
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method has been developed by B. Wang et al. [19] to esti-
mate heat flux during jet impingement on a high-temper-
ature plate surface. Nallathambi and Specht [20] used the 
two-dimensional finite element method to estimate the heat 
flux during the metal quenching process using an array of 
jets. Z. Malinowski et al. [21] developed an inverse method 
to determine three-dimensional heat flux and heat transfer 
coefficient distributions in space and time over a metal sur-
face cooled by water.

In the present study, the inverse heat transfer problem is 
solved using a conjugate gradient method with an adjoint 
problem; more details about this method can be found in 
M. Özisik [22].

The method minimizes the objective function, which is 
given by Eq. (1)

The objective function involves the squared difference 
between the measured temperature  Ym (t) with the help of 
the infrared camera and the calculated temperatures  Tm (t) 
estimated with the direct problem by using the estimated 
heat flux q̇(y, t) on the quench side,  tf represents the final 
time, and M is the total number of measurement points on 
the quench surface (number of pixels).

The CGM (conjugate gradient method) is an iterative 
method that converges to a minimum of the objective func-
tion. At each iteration the estimated heat flux q̇(y, t)  is com-
puted using Eq. (2)

where βk is the search step size, Pk the direction of descent 
and k the iteration number.

The direction of descent is a linear combination of the 
gradient direction with the previous iteration’s direction of 
descent, which is given below in Eq. (3)

The conjugate coefficient γ can be calculated using Eq. 
(4) as done in [22]

The stopping criterion is given by

where σ is the standard deviation of the temperature meas-
urements and is assumed to be constant.
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To perform the iterative process, first the step size β and 
the gradient of descent Jk(y, t) are computed by solving the 
sensitivity and adjoint problems [22]. As stated in [22] these 
problems can be transformed into a simple Fourier law prob-
lem by specifying boundary and initial conditions. These 
problems are solved numerically using the finite difference 
method. For further details of these problems, the reader is 
referred to [23–25].

Figure 8 shows, a simplified flowchart for the inverse heat 
conduction solution algorithm.

Step 1. Solve the direct problem (T (x, y, t)) using the 
initial guess of the boundary condition q ̇0.(y,t)
Step 2. Check the stopping criterion given by Eq. (5). 
Continue if not satisfied
Step 3. Compute the gradient direction Jk(y, t) from the 
adjoint problem and then the conjugate coefficient ɣk 
from Eq. (4).
Step 4. Compute the direction of descent Pk using Eq. (3).

Fig. 8  Flowchart for the inverse method algorithm

Fig. 9  Schematic representation of the sheet
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Step 5. Compute the new search step size βk solving the 
sensitivity problem.
Step 6. Compute the new estimation for q̇k+1 and return 
to step 1.
To evaluate the heat flux, the iterative method described 
above is applied to the 2D structure, as shown in Fig. 9.

Apart from the quenched surface, all other thermal 
boundaries are assumed as adiabatic to simplify the prob-
lem and no cooling in the width direction is assumed. The 
measured spatial and temporal temperature  (Ym (y, t)) along 
the y-axis from the measurement side is used to numeri-
cally solve the problem in the y and x directions to obtain 
heat flux along the y-axis on the quenching side. MAT-
LAB R2021a software is used for numerical and inverse 
calculations.

The surface heat flux approximated through the inverse 
heat transfer method is plotted in Fig. 10 as a function of the 
quenched surface temperature for a 2 mm nickel sheet as an 
example, this profile is called the boiling curve.

The red colored points show the original data points 
obtained from the inverse solution. As the inverse heat trans-
fer methods give very unstable fluctuating results, it requires 
fine smoothing and fitting of results. The black curve shows 
the best fitting of the original solution, the data points are 
fitted using the polynomial function of order 4. The data  
is fitted using the OriginPro 2021 software, the statistics  
of the fitting are shown in Table 1. This technique is employed  
so that the effect of various parameters on heat flux can be 
better understood. The curve is divided into three regimes: 
dry region, transition boiling region, and nucleate boiling 
region. The cooling starts when the rewetting temperature 
 Trw of 560 °C is reached and heat flux starts rising. The 

transition boiling region is in a range from 560 °C to 220 °C. 
The maximum value of 3.3 MW/m2 of heat flux occurs at 
 TDNB = 220 °C. Nucleate boiling follows the transition boil-
ing, in which the evaporation rate and the heat flux decrease 
due to the low surface temperature and small bubble nuclei 
formation on the surface.

3  Results and discussions

In the following, the fitted boiling curves are compared for 
nickel, nicrofer, and aluminum alloy (AA6082) to determine 
the influence of parameters such as sheet thickness s, the 
nozzle angle α, and the sheet velocity  wp.

3.1  Nickel

The temperature profiles of 2 mm nickel sheets with a noz-
zle angle of 90° for different sheet velocities are depicted 
in Fig. 11.

The cooling curves along the sheet length are chosen after 
some time at the so-called quasi-stationary time, to avoid 
start-up disruptions. On the left side (negative z*) the sheet 
has the initial temperature before quenching and on the right 
side (positive z*) the sheet is cooled by the spray. The zero 
on the x-axis shows the position of the spray impact on the 
sheet. The red curve shows the decrease in temperature for 
a maximum sheet velocity of 15 mm/s and the black repre-
sents the minimum sheet velocity of 5 mm/s. It can be seen, 
that all temperature curves start to drop before the impinge-
ment point. The reason is the axial heat conduction and the 

Fig. 10  Smoothed Heat flux vs Temperature on the quenched side

Table 1  Statistics of fitting

Number of points Degrees of freedom Reduced chi-square Residual sum of squares R-square (COD) Adj. R-square Fit status

193 183 0.0567 10.37 0.85 0.84 succeeded

Fig. 11  Cooling curves for various sheet velocities with a nozzle 
angle of 90°
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movement of the wetting front in the upward direction. As 
the sheet velocity  wp increases from 5 to 15 mm/s, the tem-
perature in the vicinity of the impingement region increases 
from 100 °C to 400 °C, and as a result, the pre-cooling effect 
reduces.

The heat flux curves estimated from the cooling curves 
for varying sheet velocities are illustrated in Fig. 12. The 
heat flux in total as well as the maximum heat flux are 
higher with increasing sheet velocity. The DNB tempera-
tures are in the range of 180 °C to 220 °C and the rewetting 
temperature increases from 400 °C to 550 °C. The higher 
sheet velocities cause a minor increase in DNB temperature.

Similarly, the cooling profiles at a nozzle angle of 65° 
for 2 mm nickel with varying sheet velocity  wp are shown in 
Fig. 13. There is no significant influence of the nozzle angle 
on the cooling curve rather than the increase in temperature 
at the impingement point (z* = 0).

The corresponding heat flux curves for the nozzle angle 
of 65° can be seen in Fig. 14.

Figure 15 shows the comparison of the maximum heat 
fluxes of the three investigated nozzle angles for 5,10 and 
15 mm/s sheet velocities.

The highest maximum heat flux  qmax is obtained for the 
65° angle shown by the yellow curve. There is no substan-
tial change of heat flux for 90° and 45° angles.

The influence of varying angles on the local position 
of  TDNB is shown in Fig. 16. The z* at 0 mm shows the 
impingement point at the sheet from the nozzles, the 
negative range (z* < 0) shows the upstream, and the posi-
tive range (z* > 0) represents the downstream region. It 
can be seen that the DNB temperature for all inclination 
angles increases with increasing sheet velocity. Generally, 
the DNB temperatures are higher at 90° and lower at 65° 
inclination angle.

Fig. 12  Heat flux curves for different sheet velocities

Fig. 13  Cooling curves for various sheet velocities with nozzle angle 65°

Fig. 14  Heat flux curves for different sheet velocities

Fig. 15  Influence of inclination angle on the max. heat flux

Fig. 16  TDNB vs the local position at various nozzle angles
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3.2  Nicrofer

In this section, the heat transfer for nicrofer as a material is 
discussed. Figure 17 shows the temperature profiles during the 
cooling for various sheet velocities at a nozzle angle of 65°.

In comparison to Fig. 13 for nickel, it can be seen that the 
temperature at the impingement point (z* = 0) for 5 mm/s 
sheet velocity is about 100 °C higher. The reason is the 
shorter pre-cooling region because of the lower thermal con-
ductivity. Table 2 summarises the thermo-physical material 
properties of the three metals at the ambient temperature 
used in the present study. Nicrofer has a three times lower 
thermal conductivity than nickel.

For all three velocities, the sheets cool down at quasi-
stationary conditions. The temperatures are 230 °C, 440 °C, 
and 580 °C at the impingement point for 5 mm/s, 10 mm/s, 
and 15 mm/s moving sheets, respectively. By increasing the 
moving velocities, the rate of cooling increases. Due to the 
lower thermal conductivity of nicrofer, it cools down slower 
compared to nickel.

Figure 18 shows the boiling curves for nicrofer with var-
ying sheet velocities. The higher the sheet velocity is the 
higher is again the maximum heat flux, the rewetting tem-
perature, and the DNB temperature. Compare to nickel, the 
maximum heat flux for nicrofer is lower whereas the DNB 
temperature is higher.

Figure 19 shows the maximum heat flux dependent on 
the sheet velocity for the two nozzle angles of 65° and 45°.

The maximum heat flux is a little higher in the case of 65° 
angle than 45°. The influence however is again relatively low.

3.3  AA6082

The temperature profiles for the cooling of the aluminum 
alloy (AA6082) sheets are shown in Fig. 20.

It can be seen, that AA6082 sheets are already cooled 
when they reach the impingement position at z* = 0. The 
reason is the very high thermal conductivity which results 
in a large pre-cooling range.

In Fig. 21 the heat flux profiles versus the surface tem-
peratures are depicted.

The maximum heat flux for AA6082 is comparatively 
lower than the other two materials (nickel, and nicrofer). The 
DNB and the rewetting temperatures are also comparatively 
lower. The reason is the lower initial temperature because of 
the low melting point, it can not be heated to 800 °C.

Figure 22 shows the influence of the nozzle angle. The 
influence is again very low, however, at the nozzle angle of 
65°, the heat flux is maximum.

Figure 23 shows the cooling profiles of AA6082 sheets 
with a thickness of 5  mm instead of 2  mm. For 5  mm 

Fig. 17  Cooling curves for various sheet velocities with nozzle angel 65

Table 2  Material properties of investigated Metals

Metal Thermal  
conductivity
( W/m.K)

Density
(Kg/m3)

Specific heat 
capacity
(J/Kg.K)

Nickel 70 8900 500
Nicrofer 20 8400 510
AA6082 170 2700 1050

Fig. 18  Heat flux curves for different sheet velocities

Fig. 19  Angle comparison for maximum heat flux and sheet velocity
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thickness, the pre-cooling range is much shorter which 
results in a higher temperature at the impingement point.

Figure 24 shows the corresponding heat fluxes for a 5 mm 
AA6082 sheet at 5, 10, and 15 mm/s sheet velocities.

The maximum heat fluxes are significantly higher as 
compared to the 2 mm AA6082 sheet at the same sheet 
velocities.

3.4  Mechanism of heat transfer

The mechanism of heat transfer is influenced by the water 
flow rate and type of metal. As the water flow rate is much 
higher than the sheet velocity, it must be independent of the 
sheet velocity as well as the sheet thickness. Therefore, the 
heat transfer is dependent on the local position (z*) on the 
sheet. It is higher near the impingement point and decreases 
away from the impact point. It can be seen in all-temperature 
profiles, that the DNB temperature with the maximum heat 
flux is obtained always in the downstream zone below the 
impingement point (z* > 0). The higher the sheet velocity 
becomes the more the DNB temperature is shifted near the 
impingement region which results in a higher value of the 
maximum heat flux. A similar effect is valid for increasing 
sheet thickness. As the sheet thickness increases, the DNB 
temperature is shifted near to impingement region which 
causes the maximum heat flux. Therefore, in the following 
figures, the maximum heat flux is shown against the local 
position (z*).

Fig. 20  Cooling curves for different sheet velocities at nozzle angle 90°

Fig. 21  Heat flux curves for different sheet velocities

Fig. 22  The maximum heat flux vs sheet velocities for various nozzle 
angles

Fig. 23  Cooling curves for different sheet velocities for a 5 mm thick 
AA6082 sheet

Fig. 24  Heat flux curves for different sheet velocities for a 5 mm thick 
AA6082 sheet
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The nozzle inclination angle influences the propagation 
of the wetting front in the upstream and the downstream 
zones, which further changes the width of the pre-cooling 
and quenching regions. Hence, the maximum heat flux var-
ies with it. Figure 25 shows the influence of nozzle angle 
for nickel on maximum heat flux at various sheet velocities.

It can be seen that for all nozzle inclination angles, the 
maximum heat flux increases with increasing sheet velocity, 
and the local position of the maximum heat flux shifts to 
the downstream zone below the impingement point (z* > 0).

In Fig. 7 various regions are displayed on the cooling 
curve. As the infrared camera allows the full view of temper-
ature data, the width of these boiling regions can be meas-
ured visually. Table 3 shows the widths of various boiling 
regions for the 2 mm nickel sheet at various velocities.

The front width in the pre-cooling region decreases with 
an increase in sheet velocities, at 5 mm/s it is 16 mm, and at 
15 mm/s is 4 mm. However, the width of the nucleate boiling 
regions increases with the increase in sheet velocity.

Similarly, in Fig. 26 the maximum heat flux for nicro-
fer against z* at various nozzle inclination angles and sheet 
velocities is shown. Nicrofer follows a similar trend as nickel 
that maximum heat flux shifts downstream at higher veloci-
ties for both angles.

Table 4 depicts the width of different cooling regions for 
nicrofer at a nozzle inclination angle of 65°.

The width of the pre-cooling region is 1 mm shorter  
at higher velocities, whereas the width of transition and 
nucleate boiling regions increases with increasing velocities.

For 2 mm AA6082, Fig. 27 presents the maximum heat 
flux vs local position z* at various sheet velocities and noz-
zle inclination angles. Due to the high thermal conductiv-
ity of AA6082, the maximum heat flux for all velocities is 
obtained in the upstream region. Although, the position of 
max. heat flux shifts near to impingement point at higher 
velocities.

Table 5 shows the front widths of various regions during 
the cooling of 2 mm AA6082 at a 90° nozzle angle.

The front widths of all the quenching regions decrease 
with increasing sheet velocities.

Fig. 25  Maximum heat flux vs local position z* at various nozzle angles

Table 3  Width of various quenching regions for a nickel at various 
sheet velocities

Sheet velocity 5 mm/s 10 mm/s 15 mm/s

Pre-cooling region 9 mm 4 mm 3 mm
Transition boiling region 6 mm 4 mm 4 mm
Nucleate boiling region 5 mm 10 mm 32 mm
Rewetting Temp-  (Trw) 400 °C 500 °C 550 °C
DNB Temp-  (TDNB) 190 °C 210 °C 220 °C

Fig. 26  Maximum heat flux vs local position z* at various nozzle 
angles

Table 4  Width of various quenching regions for a nicrofer at various 
sheet velocities

Sheet velocity 5 mm/s 10 mm/s 15 mm/s

Pre-cooling region 5 mm 4 mm 4 mm
Transition boiling region 6 mm 9 mm 14 mm
Nucleate boiling region 5 mm 9 mm 28 mm
Rewetting Temp-  (Trw) 480 °C 780 °C 800 °C
DNB Temp-  (TDNB) 200 °C 200 °C 220 °C

Fig. 27  Maximum heat flux vs local position z* at various nozzle 
angles
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4  Conclusion

The results of the current study indicate that the cooling of 
hot sheets by flat sprays is influenced by several parameters 
such as sheet velocity, sheet thickness, material type, and 
nozzle inclination angle. Based on the findings, the follow-
ing can be concluded:

By varying the sheet velocity, it is observed that increas-
ing the sheet velocity results in an increase in the maxi-
mum heat flux, while the front width of the pre-cooling 
region decreases. As the sheet velocity increases, the 
water spray impinges on the surface, which has a higher 
temperature because of the low axial pre-cooling effect. 
Therefore, the highest heat transfer and cooling occur 
in the vicinity of the impingement region, resulting in  
the highest heat flux in that area. The results show that sheet  
velocity is a vital parameter and a suitable sheet veloc-
ity must be selected considering maximum heat flux to 
achieve homogenous cooling. The DNB temperature 
increases along with it as well, but not significantly as 
the maximum heat flux.
The variation of sheet thickness shows the same trend  
as the sheet velocity, the maximum heat flux increases  
for thicker sheets, due to a decrease in the front width of pre-
cooling. This means that the pre-cooling process, which  
involves cooling the sheet before it enters an impinegment 
region has a smaller effect on the thicker sheet compared 
to a thinner sheet. As a result, the front width of pre-
cooling decreases for thicker sheets, which leads to an  
increase in the maximum heat flux.
The pre-cooling effect in the axial direction for the Alu-
minum alloy AA6082 (highly conductive metal) and thin 
plates of 2 mm thickness is higher and therefore the width 
of the pre-cooling region is larger. This effect causes a 
drop in maximum heat flux
Furthermore, by varying the nozzle inclination angle, 
it is observed that the nozzle angle has a minimum 
influence during the cooling, and for the 65° inclina-
tion angle  q.

max. is comparatively higher. More research 
is needed to better understand the influence of nozzle 
angle on thicker plates.

The infrared images are used to observe the width of 
various cooling regions and observed that for all three 
investigated metals, the length of the pre-cooling region  
decreases by increasing sheet velocities, and sheet thickness,  
in result maximum heat flux increases. The local posi-
tion of DNB temperature shifts towards the impingement  
region with an increasing sheet velocity. The DNB tem-
peratures for Nickel and Nicrofer are between 190 °C and 
220 °C and for AA6082 from 140 °C to 160 °C.
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