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Abstract  
The aim was to develop, analyse and evaluate heat flux models for spray 
quenching. Experiments of the spray cooling procedure were to be done and were 
supposed to generate data that could be used to verify the correlations in the heat 
flux models. The primary aim was to accomplish the experiments. The secondary 
aim was to begin the development of the heat flux models and create a basis for 
future work. The heat flux models were supposed to be mathematical models 
implemented in a computer software and general for any type of spray nozzles. 
The heat flux models were also supposed to be able to communicate with an 
auxiliary thermal FE-program. A heat transfer model based on both scientifically 
proven physical laws and empirical correlations was established.  
Two different materials were used in the experiments, Inconel 600 and Docol Bo 
02. Inconel 600 was used as a reference to determine the heat flux, q”, generated 
by each spray nozzle respectively. Docol Bo 02 is a B-alloy, suitable for 
quenching.  
An experimental set up in order to do the experiments was put together. It 
consisted of a test rig, measurement equipment and auxiliary equipment. The 
experiments were accomplished by heating a metal test sheet in a furnace at 880-
900 °C. The metal test sheet was then placed in the test rig where the spray 
cooling procedure was carried out. A number of thermocouple wires were welded 
on one side of the metal test sheet to measure the surface temperature, Ts. The 
cooling water was sprayed on the opposite side. During the spray cooling 
procedure the temperature, Tf, the pressure, pf, and the flow rate, Qf, of the 
cooling water, and also the deflection, f, of the centre of the metal test sheet, 
perpendicular to its plane, were measured. Two levels of pressure, pf, of the 
cooling water were used for each spray nozzle and three different types of spray 
nozzles were used. The spray nozzles were placed at a number of different 
distances from the metal test sheets during the experiments. All the data from the 
measurements was stored in a PC.  
The mathematical models were supposed to calculate the heat flux, q”, at a 
specified node of a part exposed to spray cooling. Special heat transfer 
correlations for spray quenching were used to calculate the heat flux, q”. A 
program structure was designed.  
A number of test programs were written to evaluate the heat transfer correlations. 
The evaluations of the results indicated that there was a significant difference 
between the theoretical temperature, Tcalc, and the measured surface temperature, 
Ts. The conclusions are that the heat transfer model overestimates the heat flux, 
q”, that the heat transfer model needs to be modified and possible also the heat 
transfer correlations.  
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Symbols  
cp specific heat at constant pressure, [J/(kg K)]  
Bi Biot number [-]  
CD drag coefficient, [-]  
D air drag [N]  
d32 Sauter mean diameter (SMD), [m]  
E Young’s modulus, [MPa]  
f deflection, [m]  
g gravitation [m/s2]  
h convection heat transfer coefficient, [W/(m2 K)]  
hfg heat of vaporisation, [J/kg]  
H distance, [m]  
k thermal conductivity, [W/(m K)]  
L material thickness [m]  
Nu Nusselt number, [-]  
p pressure, [N/m2]  
Pr Prandtl number, [-]  
q” heat flux, [W/m2]  
Q flow rate, [m3/s]  
Q” volumetric spray flux, [m3/(s m2)]  
Re Reynold’s number, [-]  
T temperature, [°K], [°C]  
Um mean drop velocity, [m/s]  
Greek letters  
α coefficient of thermal expansion, [µm/(m °C)], angle of distribution for 

spray nozzle with circular spray pattern, larger angle of distribution for 
spray nozzle with elliptic spray pattern, [°]  

β smaller angle of distribution for spray nozzle with elliptic spray pattern, 
[°]  

∆l thermal expansion, [m]  
∆Te  (= Ts-Tsat), excess temperature, [°K], [°C]  
ρ density, [kg/m3]  
µ dynamic viscosity, [(N s)/m2]  
σ surface tension, [N/m], stress, [MPa]  
σmax maximal stress, [MPa]  
σy yield strength, [MPa]  
Subscripts  
air air properties  
calc calculated (theoretical) value  
cond conductive  
conv convective  
f fluid properties, saturated liquid condition  
g saturated vapour condition  
max maximum  
min minimum  
s surface condition  
var variable  
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1 Introduction  
This master thesis was a specified part of a larger PhD-student project concerning 
modelling, simulation and development of low weight and high strength steel 
components for vehicle structures by simultaneous forming and quenching. The 
part of the project that was studied focused on modelling and simulation and 
involved both practical experiments and theory. Overall, the project involved a 
wide range of engineering disciplines.  

1.1 Simultaneous forming and quenching  
Due to the efficient use of material, while still providing good formability, 
simultaneous forming and quenching is one of the most promising concepts for 
the future in the manufacturing low weight and high strength steel components. If 
the forming is done before the quenching process it will result in residual stresses 
in the material that will lead to geometry changes of the part during the quenching 
process. On the other hand, if the forming is done after the quenching process, 
spring back problems will normally occur and the part has to be straightened. 
Simultaneous forming and quenching is used to avoid these problems.  

1.2 Spray quenching  
Spray quenching is a quenching method where a number of individually 
configured water sprays are used to cool the part. The principle is schematically 
illustrated in Figure 1.  
 
 
 
 
 
 
 
 
 
Figure 1. Schematic illustration of the principle of spray quenching.  

An advantage with spray quenching compared to bath quenching, when the whole 
part is submerged into a liquid bath, is that different areas of the part can be 
individually cooled. This allows control of the surface heat flux at thicker and 
thinner sections and therefore gives the opportunity to get a uniform cooling of 
the whole part which reduces residual stresses in the material. Depending on the 
shape of the part, different types of spray nozzles are used at different areas to get 
the correct heat flux, q”. Thus, in order to get the desired spray quenching result, 
it is necessary to know the degree of heat flux, q”, that a certain type of spray 
nozzle can generate.  
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Part to be 
cooled 
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1.3 Modelling and simulation  
A lot of work has been done in the engineering disciplines described above, eg by 
Bergman [1] and by Eriksson [2]. General methods for modelling and simulating 
the heat flux during the spray quenching process exist. However, it is possible to 
make further development in this field. A general method should preferably use 
in-put parameters that are accessible through tables, simple measurement and 
calculation.  
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2 Aim  
The aim was, as the title of the thesis implies, to develop, analyse and evaluate 
heat flux models for spray quenching. The heat flux models were then supposed to 
be used to predict how a part exposed to spray quenching behaves. Experiments 
of the spray cooling procedure were to be done and were supposed to generate 
data that could be used to verify the analyses and evaluations of the heat flux 
models. The heat flux models were supposed to be general and to be used for 
simulation of spray quenching of metals in general and for spray quenching of 
thin walled steel components in particular.  
The primary aim of the thesis was to accomplish the experiments. This included 
designing and putting together an experimental set up, carrying out the 
experiments and evaluating the results. The secondary aim was to begin the 
development of the heat flux models and create a basis for future work within the 
frame of the project.  

2.1 Experiments  
As mentioned above, the purpose of the experiments was to create a basis and 
create a reference for verification of the heat flux models. Also, the experiments 
should be simple, so that as few parameters as possible would affect the results.  
The concept for the experiments was to heat a specimen, a metal test sheet, in a 
furnace to a specified temperature and then place it in some kind of test rig where 
the spray cooling could be done. A number of thermocouple wires were to be 
welded on one side of the metal test sheet to measure the surface temperature, Ts. 
The cooling water was to be sprayed on the opposite side so that the water would 
not affect the thermocouple wires. Some sort of indication when the water was 
turned on was needed. During the spray cooling procedure the temperature, Tf, the 
pressure, pf, and the flow rate, Qf, of the cooling water, and also the deflection, f, 
of the centre of the metal test sheet, perpendicular to its plane, were supposed to 
be measured. The parts history of deflection during the spray cooling procedure 
can be used to evaluate the micro-mechanical and structural changes in the 
material. However, analyses of the history of deflection was not a part the work 
included in the thesis and is therefore not described in detail in this report. All the 
measured data should be stored in a computer.  

2.2 Heat flux models  
The heat flux models were supposed to be mathematical models implemented in 
some computer software and were supposed to be general for any type of spray 
nozzles. As in-put, the mathematical models were supposed to use measurable and 
calculable parameters, eg the temperature, Tf, the pressure, pf, and the flow rate, 
Qf, of the cooling water. As out-put, the mathematical models were meant to 
compute the heat flux, q”, at a specified node. The mathematical models were also 
supposed to be able to communicate with an auxiliary thermal finite element (FE) 
program. With the measured parameters from the experiments it would be 
possible to verify the mathematical heat flux models by reverse calculation.  
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2.3 FE-program  
The FE-program that was used was specially developed for thermal analyses. The 
thermal FE-program was supposed to use the measured and calculated parameters 
and also specific material parameters for each specimen respectively in order to 
compute the thermal behaviour of the material. The thermal behaviour could then 
be used in the evaluations of the mathematical heat flux models. Operating the 
thermal FE-program was not a part of the work included in the thesis and is 
therefore not described in detail in this report.  
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3 Theory  

3.1 Heat transfer  
The theory of heat transfer in general and heat flux in particular is a large subject 
and this is just a short introduction. For more information see [3].  
Heat transfer is energy in transit due to a temperature difference. Whenever there 
is a temperature difference in a medium or between media, heat transfer occurs. 
There are three types of heat transfer; conduction, convection and radiation. 
Conduction is the heat transfer that occurs across a solid or a stationary fluid 
where a temperature gradient exists. Convection refers to heat transfer that will 
occur between a solid and a moving fluid when they are at different temperatures. 
Thermal radiation occurs when surfaces at finite temperature emit energy in the 
form of electromagnetic waves to other surfaces. The three types of heat transfer 
are schematically described in Figure 2.  
 
 
 
 
 
 
 
 
 
Figure 2. Schematic descriptions of conduction, convection and radiation.  

It is possible to quantify heat transfer processes in terms of appropriate rate 
equations. However, heat flux due thermal radiation was neglected in this specific 
case and the rate equations are not described here. 
For heat conduction the equations is known as Fourier’s law. For a one-
dimensional plane the equation has the form  

  
dx
dTkq cond ⋅−=" ,   (3.1) 

where q”cond is the conductive heat flux per unit area in the direction 
perpendicular to the direction of the transfer, the constant k is the thermal 
conductivity of the wall material and dT/dx is the temperature gradient in the 
direction of transfer. If the temperature distribution is linear the temperature 
gradient may be expressed as  

  
( )

L
TT

dx
dT 12 −= ,   (3.2) 

where T2 and T1 are the lower respectively the higher temperature and L is the 
thickness of the wall in the direction of the transfer. Thus, equation (3.1) and 
equation (3.2) combined give  

  ( )
L

TT
kq cond

21"
−

⋅= .  (3.3) 

Convection heat transfer may be classified according to the nature of the flow. In 
this case, where the fluid is supposed to be sprayed, ie forced on to the surface, 
the convection is termed forced convection. The opposite is free or natural 
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convection and occurs when eg a flow of air is induced by buoyancy forces 
around warm objects due to temperature variations in the fluid.  
Regardless of the particular nature of the convection heat transfer process, the 
appropriate rate equation is of the form  

( )fsconv TThq −=" ,   (3.4) 
where q”conv is the convection heat flux per unit area, the constant h is the 
convection heat transfer coefficient and Ts and Tf are the temperature of the 
surface and the fluid respectively. This expression is known as Newton’s law of 
cooling. However, this is only valid for a convection heat transfer process where 
the fluid does not go through a change of phase. If a change of phase of the fluid 
occurs, other parameters need to be considered.  
When evaporation occurs at a solid-liquid interface, it is termed boiling and the 
fluid goes through a change of phase. The process occurs when the temperature of 
the surface, Ts, exceeds the saturation temperature, Tsat, which corresponds to the 
liquid pressure. Heat is transferred from the solid surface to the liquid, and the 
appropriate form of Newton’s law of cooling is  

( )satsconv TThq −="    (3.5) 
or  

econv Thq ∆⋅="    (3.6) 
where ∆Te is termed the excess temperature. 
The process is characterised by the formation of vapour bubbles, which grow and 
subsequently detach from the surface. Vapour bubble growth and dynamics 
depend on the excess temperature, the nature of the surface and the 
thermophysical properties of the fluid. The dynamics of vapour bubble formation 
affect fluid motion near the surface and therefore influence the heat transfer 
coefficient, h.  
Boiling may occur under various conditions, eg saturated pool boiling, where the 
liquid is quiescent and its motion near the surface is due to free convection, or 
forced convection boiling where the fluid motion is induced by external means. 
Despite the conditions, the relation between the heat flux, q”, and the excess 
temperature, ∆Te, is not proportional but follows a so-called boiling curve. A 
typical boiling curve for pool boiling of water at 1 atm pressure, taken from [3], is 
displayed in Figure 3. The dots indicate when the water enters a new boiling 
regime.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Typical boiling curve for water at 1 atm pressure according to [3].  
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Depending on the conditions the boiling curve has somewhat different shapes but 
it always has the “wave-form” and a point of q”max.  

3.2 Heat transfer correlations  
A multiplicity of heat transfer correlations to describe the boiling curve under 
different conditions exists. In this specific case, with high-pressure water sprays, 
correlations by Mudawar et al [4] were used. According to Mudawar et al the 
boiling curve and the corresponding thermal response, or cooling curve, should 
typically have the shapes displayed in Figure 4. As for the boiling curve above, 
the dots indicate where the water enters a new boiling regime.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Typical boiling curve (left) and corresponding cooling curve (right) according to [4].  

At temperatures above A the surface encounters the film boiling regime, which is 
characterised by the formation of an insulating vapour blanket between the 
surface and the impinging water drops. This results in relatively poor heat 
transfer. Between A and B there is an intermittent wetting and reformation of the 
vapour blanket. Between B and C, the transition boiling regime, the vapour 
blanket begins to collapse and permanent, partial wetting of the surface occurs. 
The transition boiling regime is marked by a significant increase in heat transfer 
causing a rapid decrease in surface temperature. The vapour layer vanishes at C 
(q”max). Between C and D, the nucleate boiling regime, the cooling rates remain 
relatively high as the entire surface has contact with the water. Below D, the 
single-phase cooling regime, boiling completely subsides and the heat transfer is 
due to forced convection with the impinging water drops.  
A number of thermophysical parameters of the cooling water were used in the 
heat transfer correlations. It was the saturated liquid density, ρf, the saturated 
vapour density, ρg, the heat of vaporisation, hfg, the specific heat at constant 
pressure, cp,f, the dynamic viscosity, µf, the thermal conductivity, kf, and the 
surface tension, σf. Also, three hydrodynamic parameters concerning the cooling 
water were used in the heat transfer correlations. It was the volumetric spray flux, 
Q”, the mean drop velocity, Um, just prior to its impact on the part and the Sauter 
mean diameter (SMD) of the drops, d32.  
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3.3 Heat transfer model  
A lot of parameters affect the result and all of them had to be considered and they 
were all necessary for the evaluation and the calculation of the heat flux, q”. All 
the parameters in the heat transfer correlations consisted of quantifiable or table 
values, eg the thermophysical properties of the fluid and the spray nozzle 
specifications. It was assumed that all of the heat transfer from the metal test 
sheets was due to convection from the solid-liquid interface between the metal 
test sheet and the cooling water. Furthermore, it was assumed that the only heat 
conduction was in the direction of the thickness, L, of the metal test sheet. The 
heat transfer due to radiation was assumed to be very limited and therefore 
neglected. With these assumptions a heat transfer model according to Figure 5 
was established.  
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Heat transfer model.  

Tcalc represents the theoretical temperature that was to be calculated and to be 
compared with the measured surface temperature, Ts, on the side of the metal test 
sheets that were not exposed to the water spray. Tvar was the variable temperature 
over the whole interval, ie from the maximum temperature, Tmax, to the lowest, 
Tmin. Given this heat transfer model and the assumptions above, it was assumed to 
be possible to make reversed calculations and verifications of the heat transfer 
correlations. Thus, according to equation (3.4) it was possible to arrange an 
equation with the form  

( )""" nscorrelatiofq conv = .  (3.7) 
Also, the thermal conductivity in relation to temperature, k(Ts), of each material 
was known, see Appendix 4. Hence, with the assumptions above it was possible 
rearrange equation (3.3) to  

( ) ( )
L
TT

Tkq s
cond

var
var"

−
⋅=   (3.8) 

or  

( ) ( )
L

TT
Tkq calc

cond
var

var"
−

⋅= . (3.9) 

Finally, by supposing equation (3.7) equal to equation (3.9) it would be possible 
to calculate theoretical temperature, Tcalc, and compare it with the measured 
surface temperatures, Ts.  
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4 Experimental set up  
An experimental set up in order to carry out the experiments was put together. 
The experimental set up consisted of a test rig, measurement equipment and 
auxiliary equipment. The concept for the test rig is displayed in Figure 6.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. Concept for the test rig.  

This work included designing the test rig, selecting components for 
measurements, calibration of selected components, designing the interface 
between the test rig and the measurement equipment, implementing the auxiliary 
equipment, etc.  
Since the work during the first part mainly consisted of making CAD-drawings, 
searching for adequate components in catalogues and on the Internet, contacting 
possible manufacturers of the test rig, making tests in the lab, etc, this part it is not 
described in detail in this report. This report concentrates on the experiments, the 
results from the experiments, the mathematical models and the analyses and 
evaluation of the experiments and the mathematical models.  

4.1 Test rig  
A special test rig was designed for the purpose. In order to get as little heat 
convection from the heated metal test sheets as possible when they were moved 
from the furnace to the test rig, a quick fastening device was used. This consisted 
of a folding frame, which was supposed to keep the corners of the metal test sheet 
in place by its own weight (4.2 kg), see Figure 7.  
Splashguards were mounted around the test rig to avoid water from splashing up 
on to the side with the thermocouple wires on the metal test sheet, the topside, see 
Figure 7. Water on the topside would affect the thermocouples and result in 
incorrect temperature measurements. The upper splashguards closest to the metal 
test sheet were made of metal. The lower ones were just simple plastic sheets that 
were taped to the upper metal ones.  
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Because of the thermal contraction of the metal test sheets that occurs during the 
spray cooling procedure, they were allowed to move freely in their plane. This 
was achieved by placing the metal test sheets on ball transfer units, one at each 
corner, and corresponding ball transfer units just opposite on the folding frame, 
see Figure 7 and Figure 8.  
 

 
Figure 7. Photo of test rig.  

Using the ball transfer units meant that the contact surface to the metal test sheet 
became very small at the supporting points. This also meant that the heat 
conduction from the metal test sheet to the test rig was very limited and hence its 
influence on the temperature measurements was minimised.  
To get the metal test sheet in the right position when placed on the test rig, there 
were supports both along the sides and at the back end of the test rig, see Figure 7 
and Figure 8. Due to the thermal expansion, ∆l, of the metal test sheet when 
heated there was a 5 mm clearance between the side supports. See Appendix 6 for 
calculations of the thermal expansion, ∆l. Another advantage using ball transfer 
units was that the metal test sheet could move in its own plane with a very limited 
amount of friction during its thermal contradiction when cooled.  
 

 
Figure 8. Photo of side support and ball transfer unit.  
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It was possible to mount different types of spray nozzles in the test rig and the 
distance between the spray nozzle and the metal test sheet was adjustable. An 
electromagnetic valve was used to switch the cooling water on and off. See Figure 
9. When the electromagnetic valve was switched on, it was indicated by an 
electric signal to the measurement equipment.  
 

 
Figure 9. Photo of spray nozzle, adjustment device and electromagnetic valve.  

4.2 Measurement equipment  
The temperature of the surface of the metal test sheets, Ts, was measured at 
several points with thermocouple wires. They were welded on to the surface of 
the metal test sheets, see Figure 10, in different patters depending on the spray 
nozzle and its spray pattern. See Appendix 1 for patterns of the thermocouple 
wires. Simple load-relievers were also welded to the metal test sheets. See Figure 
11. The thermocouple wires were insulated by a material that, when heated to 
high temperatures (about 900 °C), turned into a glasslike cover on the wires. This 
had in previous experiments proven to be a good insulator and prevented shortcuts 
of the thermocouple wires during the experiments.  
 

 
Figure 10. Photo of metal test sheet with welded thermocouple wires.  

Spray nozzle 

Device for 
adjustment of 
distance 

Electromagnetic 
valve 



Luleå University of Technology 
Department of Mechanical Engineering 
Master’s Thesis, MTM050 

Analysis and Evaluation of 
Heat Flux Models for 

Spray Quenching 

12

 

 
Figure 11. Photo of welded thermocouple wires with load-relievers.  

The temperature, Tf, of the cooling water was measured with a welded 
thermocouple wire that was placed in the inlet pipe of the cooling water. The 
pressure, pf, of the cooling water was measured with an electric pressure 
transducer also placed in the inlet pipe of the cooling water. See Figure 12. The 
pressure transducer was placed as close to the spray nozzle as possible in order to 
minimise the influence on the measurements due pressure losses in the pipe.  
 

 
Figure 12. Photo of thermocouple and pressure transducer in the cooling water inlet pipe.  

The flow rate, Q, of the cooling water was measured with an electric flow rate 
transducer, which was placed on the inlet pipe. See Figure 13.  
 

 
Figure 13. Photo of flow rate transducer.  
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The deflection, f, in the centre of the metal test sheets was measured with an 
electric linear displacement transducer with a sensing rod perpendicular to the 
plane of the metal test sheet. In order to reduce the effects of the heat radiation 
from the metal test sheet on the linear displacement transducer, the sensing rod 
was extended and the main part of the linear displacement transducer was 
shielded. See Figure 14 and Figure 15.  
 

  
Figure 14. Photo of the linear displacement transducer position in the test rig.  

  
Figure 15. Photo of the linear displacement transducer, heat shield and extended sensing rod.  

The temperature, Tf, and pressure, pf, of the cooling water and the deflection, f, in 
the centre of the metal test sheets were measured 100 times per second. The flow 
rate, Qf, of the cooling water was measured 10 times per second.  
For technical specifications of the electrical components used, see Appendix 2.  
All the measured data was stored in a computer (PC), which was connected to the 
measurement equipment. The PC also had a suitable software package and a 
special program was developed for this application. The interface between the 
thermocouples and the transducers and the PC consisted of a special set of 
hardware. Two laboratory DC power supply units were used to the power supply 
to the transducers. All this equipment can be seen in Figure 16. The software 
package and the hardware were both supplied by National Instruments 
Corporation™. For further specifications, see Appendix 3.  
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Figure 16. Photo of interface hardware, power supply and PC.  

The data from each experiment was stored in a common txt-file. The columns in 
the txt-files were, from left to right;  
- The first column was the temperature, Tf (°C), of the cooling water.  
- The following columns were the temperatures on the surface of the metal test 

sheets, Ts (°C). The number of these columns differed between 25 and 29 
depending on how many thermocouples that were used on the metal test 
sheets.  

The last four columns were;  
- The pressure, pf (bar), of the cooling water.  
- The deflection, f (mm), in the centre of the metal test sheets.  
- Indication when the electromagnetic valve was switched on and off.  
- The flow rate, Qf (litre/min), of the cooling water.  

4.3 Auxiliary equipment  
A furnace was used to heat the metal test sheets. It had a maximum possible 
temperature of 1100 °C and an inside width of 450 mm. See Figure 17.  
 

 
Figure 17. Photo of furnace.  

Two levels of pressures, pf, of the cooling water for each spray nozzle were used 
in the experiments. The standard pressure in the water main was used as the lower 
level. The higher level was established by using an electric powered pump, see 
Figure 18, to boost the standard pressure in the water main.  
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Figure 18. Photo of electric motor with connected pump.  

4.4 Metal test sheets  
The test specimens, or metal test sheets, were made of two different types of 
materials, Inconel 600 and Docol Bo 02. Inconel 600 was used as a reference 
since due to its chemical structure, it does not change phases during the cooling 
process. Also, its thermal conductivity, k, varies linearly with respect to the 
temperature. Thus, Inconel 600 was used in the experiments to determine the heat 
flux, q”, generated for each spray nozzle respectively. Docol Bo 02 is a B-alloy, 
which makes it suitable for quenching and is used in components where high 
strength is needed. Docol Bo 02 is generally of special interest in the development 
of low weight and high strength steel components. Its behaviour and changes of 
phase were to be studied. For more details concerning the materials, see Appendix 
4.  
All the metal test sheets used in the experiments were 2 mm thick and had a 
square geometry of 400x400 mm. The geometry was a compromise between the 
deflection, f, and the yield strength, σy, due to its own weight and the desire to use 
as large specimen as possible in the experiments. The Young’s modulus, E, 
decreases when a material is heated, the deflection, f, increases and the yield 
stress, σy, is lowered. Calculations of the maximum deflection, fmax, and the 
maximum stress, σmax, indicate that these values are much lower than what is 
allowed for a specimen with the geometry in question. See Appendix 6 for 
calculations.  

4.5 Spray nozzles  
Three different types of spray nozzles were used in the experiments. One had a 
circular spray pattern and the other two had elliptic spray patterns of different 
sizes. All three types were manufactured by the Spraying Systems Co™. For more 
details, see Appendix 5. Thus, three types of special interest for the applications in 
the project were used. However, it had to be possible to implement specifications 
for any type of spray nozzle in the mathematical models.  
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5 Experiments  

5.1 Accomplishment  
The experiments were accomplished by heating a metal test sheet in the furnace at 
880-900 °C. It was held in the furnace for about 5 minutes to get a uniform 
temperature distribution and then moved to the test rig. Thus, when moved from 
the furnace to the test rig the metal test sheet was exposed to some degree of air-
cooling and hence had a somewhat lower temperature when the cooling procedure 
was carried out. The period of time between opening the furnace door and turning 
on the water varied between 2-4 seconds. 
When the metal test sheet was placed in the test rig, the water was turned on and 
the spray cooling procedure was carried out. When the temperature of the whole 
metal test sheet had reached about 25 °C the experiment was cancelled.  
The temperature, Tf, of the cooling water varied between 17-23 °C and could vary 
both among different experiments and during the course of one experiment. 
However, this difference in temperature was relatively small compared to the total 
temperature differences that the metal test sheets passed through. In the analyses 
20 °C was used in as an average value of the temperature, Tf, of the cooling water.  
As mentioned above, the deflection, f, in the middle of the metal test sheet was 
also measured. However, this parameter was not used in the evaluations and 
analyses described in this report but were saved for later use in the project.  

5.2 Possible errors  
Possible errors that affected the experiments are listed and commented below. 

5.2.1 Spray nozzles  
The measured values of the flow rate, Q, were compared with the values supplied 
by the manufacturer of the spray nozzles. In one case the measured values differed 
and this was assumed to depend on imperfections in the fabrication of the spray 
nozzles. If this is the case, every spray nozzle should be tested before it is used in 
a spray quenching procedure in order to get as correct heat transfer calculations as 
possible.  

5.2.2 The folding frame  
The main point with the folding frame was that of a quick fastening device and 
that this would keep the metal test sheet in place by its own weight. This idea was 
not successful in the experiments. The internal forces in the material during the 
spray cooling procedure made the metal test sheets deflect and caused the folding 
frame to move up and down.  

5.2.3 Pressure of the cooling water  
A number of parameters may have affected the cooling water. One parameter was 
the temperature, Tf, of the cooling water, which varied both among different 
experiments and during the course of one experiment. Another parameter was the 
pressure in the water main. It is likely to assume that the pressure in the water 
main varied somewhat because of other users connected to it.  
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5.2.4 Deformed metal test sheets  
In order to get a lot of data from the experiments without using a large number of 
metal test sheets, the same one was used a number of times. For every experiment 
the deformation of the metal test sheet increased somewhat. One parameter that 
was affected by the deformation was the deflection, f, of the centre of the metal 
test sheet. Thus, it is realistic to assume that only the first experiment gave 
adequate measurements of the deflection, f.  

5.2.5 Handling of the heated metal test sheets  
A large pair of pliers was used to move the metal test sheets from the furnace to 
the test rig. The pair of pliers held room temperature and because of this the area 
of the metal test sheet around the place of grip was slightly cooled. This can be 
seen on the values of the temperatures measured close to the place of grip. 
However, since this area was relatively small and since the metal test sheet was 
held for a relatively short period of time, it was assumed that the total effect 
because of this was negligible.  
Another problem concerning the handling of the metal test sheets was to place 
them correctly in the test rig. A few times the metal test sheets were placed so that 
their centre did not match the centre of the spray nozzle.  

5.2.6 Influence of air cooling  
The time for moving the metal test sheets from the furnace to the test rig varied, ie 
two experiments with the same set up could have been exposed to different 
periods of time of air cooling before the cooling water was turned on. The 
consequence was that the surface temperature, Ts, of the metal test sheet varied 
among different experiments when the water was turned on even though the rest 
of the set up was the same.  
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6 Mathematical heat flux models  
As mentioned above, the aim was to begin the development of the mathematical 
heat flux models and create a basis for future work. A complete heat flux model 
was not developed during the course of the thesis. The text below includes 
suggestions for and desires of how the heat flux models should be accomplished, 
what kind of features they should have and how the included functions should 
work. Some functions described below were tested in a test program that was 
written as a step of the development. The mathematical models were supposed to 
calculate the heat flux, q”, at a specified node of the part which was exposed to 
spray cooling. The mathematical models were also supposed to be able to 
communicate with an auxiliary FE-program for thermal calculations.  

6.1 Concept  
The concept for the mathematical models was that the computer program should 
start the calculation process by reading two lists with in-put parameters, one for 
the spray nozzles and one for the nodes of the part and then storing them. The 
parameters should then be continuously updated by the thermal FE-program and 
the new parameters should be used in the next calculation. The heat flux, q”, was 
to be calculated, node by node, for the entire temperature interval of the spray 
cooling procedure and then used for further calculations of thermal effects in the 
thermal FE-program. As mentioned above, a lot of parameters affect the 
calculations. In order to make the heat flux models less complicated, at least 
initially, some assumptions and simplifications were made and are commented on 
below. The test program also had some simplifications. Eg, instead of a multiple 
number of spray nozzles and their coordinates, only one spray nozzle and its 
fitting coordinates at the time were used. In the final complete mathematical 
model, equation (3.7) was to be calculated with the program which development 
and features are described here and equation (3.9) was to be calculated in the 
thermal FE-program that the program was suppose to be able to communicate 
with.  

6.2 Computer software  
To implement the mathematical models in a computer program the computer 
software package Matlab™ [5,6] was used. Matlab™ is widely used by engineers 
and mathematicians and can also be used to communicate with a number of other 
computer languages, eg Fortran.  

6.3 Heat transfer correlations  
As mentioned above, in this case spray quenching heat transfer correlations by 
Mudawar et al [4] were used. These correlations were also used in the test 
program that was written.  

6.4 Program structure  
The first step of developing the computer program with the mathematical models 
was to write a specification of what it should calculate and what kind of functions 
should be included. Then, with the specification as basis, a program structure, see 
Appendix 7, was designed. The structure consisted of a main program and 
connecting sub-programs. Also, it was specified how the different programs in the 
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structure should communicate and what they should compute. The program 
structure was then used as a basis for writing the programs. The main program 
should handle the communication to and between the sub-programs and should 
eventually also have some control functions.  

6.5 In-put parameters  
The list of in-put parameters for the spray nozzles should contain their running 
number, initial spatial coordinates and type. The list should also contain the 
temperature, Tf, the pressure, pf, and flow rate, Qf, of the cooling water for each of 
the specified spray nozzle. The list with the nodes of the part to be spray cooled 
should contain their running number and initial spatial coordinates.  

6.6 Spray nozzles  
Different types of spay nozzles were supposed to be evaluated in the heat flux 
models. Hence, the program should be extendable, ie it should be possible to add 
modules with specifications for each new type of spray nozzle. This was tested in 
the test program with a general module for the communication between the main 
program and each spray nozzle module. Also, a couple of general program 
modules for calculations of the areas covered by spray patterns and calculations of 
the distribution angles, α and β, were written and tested in the test program. See 
Appendix 5 for more details.  

6.7 Thermophysical parameters  
The properties of the thermophysical parameters change with the temperature, Tf, 
of the cooling water. Thus, in order to have the correct values, these properties 
had to be calculated for each case. The program module in the test program was 
accomplished by implementing a table with the thermophysical parameters over a 
temperature range, taken from [3], in a sub-program. This sub-program also 
contained an interpolation function that calculated the correct values of the 
thermophysical parameters for the specified temperature, Tf, of the cooling water.  
The cooling water is somewhat heated by the radiation of the part when it gets 
closer to it. Thus, since the properties of the thermophysical parameters change 
with the temperature, Tf, of the cooling water they are actually altered before the 
water hits the surface of the part. However, this influence was assumed to be 
negligible.  

6.8 Hydrodynamic parameters  
The three hydrodynamic parameters in the heat transfer correlations were the 
volumetric spray flux, Q”, the mean drop velocity, Um, just prior to its impact on 
the part and the Sauter mean diameter (SMD) of the drops, d32. These three 
parameters concerning the cooling water were crucial. They are commented on 
below. In the same way as for the thermophysical parameters, tables with values 
of these parameters and interpolation functions that calculated the correct values 
for the specified temperature, Tf, of the cooling water where implemented in a 
sub-program for each parameter respectively.  

6.8.1 Volumetric spray flux, Q”  
The volumetric spray flux, Q”, varies depending on the temperature, Tf, the 
pressure, pf, the flow rate, Qf, of the cooling water and type of spray nozzle and 
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the distance, H, between the spray nozzle and the part in question. This parameter 
had to be measured since no data was available from the manufacturer of the three 
types of spray nozzles used. The measurements were accomplished by using the 
test rig with minor modifications. They were carried out with the same 
surrounding conditions as the spray cooling experiments concerning the pressure, 
pf, of the cooling water, type of spray nozzles, etc. See Appendix 8 for diagrams 
of measured values.  

6.8.2 Mean drop velocity, Um  
A number of factors affect the velocity of the drops, eg air drag, D, and 
gravitation, g. It is possible to measure the drop velocity in a spray. However, in 
this case a mathematical equation was used which included air drag, D, and 
gravitation, g, and was of the assumption that the drop would have a spherical 
form. See Appendix 9 for derivation of the mathematical equation. Also empirical 
values and correlations, eg Reynold’s number, Re, and the drag coefficient, CD, 
were used and implemented in the program module. Values on the drag 
coefficient, CD, were taken from [7] and implemented in the program module. 
The density, ρair, of the air that the water spray passes through varies somewhat 
between the spray nozzle orifice and the part in question because the air is heated 
by the radiation from the part. The air is therefore warmer closer to the part than 
further away and this has some effect on the velocity of the drop. However, for 
the sake of simplicity, the difference in the density, ρair, of the air was assumed to 
be constant.  

6.8.3 Sauter mean diameter (SMD), d32  
The Sauter mean diameter (SMD) d32, of the drops, varies depending on the 
temperature, Tf, and pressure, pf, of the cooling water and type of spray nozzle. 
The manufacturer of the spray nozzles supplied data informing how the average 
drop size for each of the spray nozzles varies. Thus, the data did not describe the 
Sauter mean diameter (SMD) of the drops but just an average sized drop in the 
flow from the spray nozzle. However, since the data was available it was decided 
to use this diameter as an equivalent value. The data was implemented in the 
mathematical model with interpolation functions and used in the calculations.  

6.9 Geometric considerations  
The geometric relations between the spray nozzles and the nodes of the part in 
question were essential and had to be considered. The basis for this approach was 
to consider both the spray nozzles and the nodes of the part placed in a system of 
coordinates. Given the spatial coordinates of the spray nozzles and the nodes, it is 
possible to calculate their geometric relations. Initially, a test program was made 
with only one spray nozzle and one node.  

6.9.1 Spray nozzles  
The spatial coordinates of the spray nozzles should contain their position, 
direction and twist. Each should be described with x-, y- and z-coordinates. The 
twist is of concern when the spray pattern of the spray nozzle is non-circular. 
Tests showed that a practical way to state the twist was to describe the position of 
the longer axle of the ellipse. With this approach it was possible to convert to a 
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local coordinate system for each spray nozzle and make calculations of relations 
to the nodes possible.  

6.9.2 Nodes  
The spatial coordinates of the nodes of the part should contain their position and 
direction. Each should be described with x-, y- and z-coordinates.  

6.9.3 Relations  
Important geometric relations between the spray nozzles and the nodes of the part 
were the distance, the angle between respective directions, whether the spray 
nozzle and the nod were directed to or from each other and whether the spray 
pattern or patterns covered the node in question. Initially, hidden and shaded 
nodes were not considered in the test program. However, if the part has a 
complicated form, relations for hidden and shaded nodes have to be calculated.  

6.10 Interactions  
If two or more spray nozzles interact on one node some sort of calculations have 
to be made. This was not tried in the test program since it only consisted of one 
spray nozzle. The parameters that can interact are the thermophysical, ie the 
volumetric spray flux, Q”, the mean drop velocity, Um, and the Sauter mean 
diameter, d32. The suggestion is to use the weighed average value of each 
parameter at the node of consideration.  

6.11 Other computer programs  
A number of other computer programs beside the different program modules in 
the test program were also written during the development of the thesis. They 
were all relatively short Matlab™-programs with different functions for taking 
care of data from the experiments. These programs had four main tasks;  
- Manipulating the lists with the measured values in the txt-files. Eg dividing a 

list and collecting the surface temperature values before and after the water 
was turned on and then storing each in two new lists.  

- Plotting 2d- curves. Eg temperature curves over time based on the values from 
the experiments. See example in Figure 19.  

- Plotting 3d-surfaces. Eg showing the flow rate distribution on a metal test 
sheet at a specific point of time of the experiments.  

- Animating 3d-surfaces. Eg showing the surface temperature distribution on a 
metal test sheet during the spray cooling procedure of the experiments. See 
example in Figure 20.  
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7 Results and evaluation  
A total of 29 experiments were carried out. Typical cooling curves from the 
experiments, here experiment no 1, are displayed in Figure 19. Time “0” indicates 
the point when the cooling water was turned on.  
 

 
Figure 19. Typical cooling curves from the experiments.  

It is reasonable to believe that the experiments are adequate because of the shapes 
the temperature curves have and therefore it should be possible to use them for the 
evaluations.  
Also, the measured temperature distribution over the metal test sheet during the 
spray cooling procedure was evaluated. This gave information on how a spray 
nozzle at a specific distance, H, from the part and with a specific pressure, pf, of 
the cooling water etc actually cooled the surface. As an example, the temperature 
distribution at t = 7 seconds from experiment no 1 is displayed in Figure 20. The 
figure shows one quarter of the metal test sheet with its centre at the origin of the 
x- and y-axles and the temperature in °C on the z-axle.  
 

 
Figure 20. Temperature distribution at t = 7 seconds, experiment no 1.  

In this case a full cone spray nozzle was used. It can be seen that the most 
efficient cooling was achieved at about 100-120 mm from the centre of the metal 
test sheet. More sequences of the temperature distribution during the spray 
cooling procedure of experiment no 1 are displayed in Appendix 10.  
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In Table 1 parameters from a number of selected experiments are listed. The 
hydrodynamic parameters (ie Um, d32, and Q”) are measured and calculated for a 
point on the metal test sheets just opposite to the spray nozzle orifice.  
Table 1. Data from selected experiments.  

No Spray 
nozzle 

Material Tf  
(°C) 1) 

pf  
(bar) 

Qf 104 
(m3/s) 

Q” 103 

(m3/m2s)
Um  

(m/s) 3) 
d32 106 

(m) 
H  

(m) 
1 FullJet 

14W 
Inconel 

600 
20 6.0 1.883 4.71 17.3 772 0.137 

2 FullJet 
14W 

Inconel 
600 

20 3.1 1.433 2.29 13.6 1061 0.137 

6 FullJet 
14W 

Inconel 
600 

20 7.1 2.017 6.85 18.8 720 0.097 

7 FullJet 
14W 

Inconel 
600 

20 3.7 1.533 3.38 14.5 971 0.097 

11 VeeJet 
4004 

Inconel 
600 

20 8.6 0.433 12.0 2) 26.6 615 0.357 

12 VeeJet 
4004 

Inconel 
600 

20 4.5 0.317 6.86 20.1 714 0.357 

15 VeeJet 
9515 

Inconel 
600 

20 4.4 1.183 65.1 2) 24.7 622 0.100 

16 VeeJet 
9515 

Inconel 
600 

20 8.2 1.167 103 2) 24.0 547 0.100 

17 VeeJet 
4004 

Docol 
Bo 02 

20 8.8 0.450 18.3 2) 28.9 612 0.277 

20 FullJet 
14W 

Docol 
Bo 02 

20 4.2 1.583 3.49 15.0 915 0.097 

1) Average value.  
2) These Q”-values are too high to be valid in the heat transfer correlations.  
3) Calculated values.  
 
As described above, the different equations for calculation of the heat flux, q”, 
were combined and the thermal FE-program was used. The theoretical 
temperatures, Tcalc, were calculated and compared with the measured surface 
temperatures, Ts. Diagrams of experiments no 1, 2, 6, 7, 12 and 20 with curves 
calculated from the values in Table 1 are displayed in Figure 21, Figure 22 and 
Figure 23 below. The diagrams are indicated with a), b) and c) were;  
a) Display the boiling curve for the experiment indicated based on the values of 

the cooling water in Table 1 and calculated with the heat transfer correlations.  
The y-axle is the heat flux, q” and the x-axle is the temperature difference 
between the surface- and the saturation temperature, Ts-Tsat, ie the excess 
temperature, ∆Te.  

b) Display the convection heat transfer coefficient, h, with respect to the excess 
temperature, ∆Te. Equation (3.6) rearranged on the form  

                
eT

qh
∆

=
"   (7.1) 

was used. The heat flux, q”, and the excess temperature, ∆Te, were taken from 
the calculations in a).  

c) Display the cooling curves of the theoretical temperature, Tcalc, compared with 
the measured surface temperature, Ts. The theoretical temperature, Tcalc, was 
calculated according to the heat transfer model described above and based on 
the calculations in a).  
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a) Boiling curves (q” with respect to ∆Te)  
 

     
b) Convection heat transfer coefficient (h with respect to ∆Te)  
 

     
c) Cooling curves (Tcalc and Ts with respect to t)  

Figure 21. Diagrams with boiling curves (a), convection heat transfer coefficient (b) and cooling 
curves (c) for experiments no 1 (left) and experiment no 2 (right). For a point on the metal test 
sheet just opposite to the spray nozzle orifice.  

(Experiment no 1;   (Experiment no 2;  
FullJet 14W, Inconel 600, H = 0.137 m, FullJet 14W, Inconel 600, H = 0.137 m, 
pf = 6.0 bar, Qf = 1.883 m3/s)  pf = 3.1 bar, Qf = 1.433 m3/s)  
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….  
a) Boiling curves (q” with respect to ∆Te)  
 

     
b) Convection heat transfer coefficient (h with respect to ∆Te)  
 

     
c) Cooling curves (Tcalc and Ts with respect to t)  

Figure 22. Diagrams with boiling curves (a), convection heat transfer coefficient (b) and cooling 
curves (c) for experiments no 6 (left) and experiment no 7 (right). For a point on the metal test 
sheet just opposite to the spray nozzle orifice.  

(Experiment no 6;   (Experiment no 7;  
FullJet 14W, Inconel 600, H = 0.097 m, FullJet 14W, Inconel 600, H = 0.097 m, 
pf = 7.1 bar, Qf = 2.017 m3/s)  pf = 3.7 bar, Qf = 1.533 m3/s)  
 

Calculated

Measured

Calculated  

Measured  
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a) Boiling curves (q” with respect to ∆Te)  
 

     
b) Convection heat transfer coefficient (h with respect to ∆Te)  
 

     
c) Cooling curves (Tcalc and Ts with respect to t)  

Figure 23. Diagrams with boiling curves (a), convection heat transfer coefficient (b) and cooling 
curves (c) for experiments no 12 (left) and experiment no 20 (right). For a point on the metal test 
sheet just opposite to the spray nozzle orifice.  

(Experiment no 12;   (Experiment no 20;  
VeeJet 4004, Inconel 600, H = 0.357 m, FullJet 14W, Docol Bo 02, H = 0.097 m, 
pf = 4.5 bar, Qf = 0.371 m3/s)  pf = 4.2 bar, Qf = 1.583 m3/s)  
 

Calculated

Measured

Calculated  

Measured  
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In Figure 21 experiment no 1 and no 2 are compared and in Figure 22 experiment 
no 6 and no 7 are compared. The distance, H, between the spray nozzle orifice is 
the same in experiment no 1 and no 2 and in experiment no 6 and no 7. In 
experiment no 1 and no 6 the pressure, pf, and the flow rate, Qf, of the cooling 
water are higher than in experiment no 2 and no 7. It can be seen that the heat 
flux, q”, and therefore also the convection heat transfer coefficient, h, are higher 
in experiment no 1 and no 6 than in experiment no 2 and no 7. It can also be seen 
that the cooling, both the calculated and the measured, is more rapid in 
experiment no 1 and no 6 than in experiment no 2 and no 7.  
Furthermore, in Figure 21 a) and Figure 22 a) it can be seen that the different 
boiling regimes are entered at different temperatures and that the slopes of the 
boiling curves in the single phase- and the film boiling regimes are unaffected. 
 
In order to compare the results presented above an approximate method was used. 
The approximate method is known as the lumped capacitance method, see [3]. It 
can be circumscribed as  

dt
dTcLq pf ⋅⋅⋅= ρ''   (7.2) 

where q” is the heat flux, L is the material thickness, cp is the specific heat at 
constant pressure and dT/dt is the rate of change in temperature.  
The error associated with the lumped capacitance method is small if the Biot 
number, Bi, is much lower than 1 and preferably less than 0.1. The Biot number, 
Bi, is defined as  

        
k

LhBi ⋅
=   (7.3) 

where h is convection heat transfer coefficient between the material and the fluid, 
k is the thermal conductivity of the material an L is the material thickness.  
 
In Figure 24 two cooling curves are compared. The left diagram display the same 
cooling curve as in Figure 21 a) for experiment no 1 (ie based on the values in 
Table 1) and calculated with the heat transfer correlations. The right diagram 
display a boiling curve based on the values of the cooling water parameters (ie Tf, 
pf and Qf) and the measured temperatures (ie the values of the measured cooling 
curve) in experiment no 1 and calculated with lumped capacitance method.  
 

     
Figure 24. Diagrams with boiling curves based on the values for experiment no 1 (q” with respect 
to ∆Te). Calculated with the heat transfer correlations (left) and with the lumped capacitance 
method (right).  
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Inconel 600 was used in experiment no 1. Assume that the convection heat 
transfer coefficient, h, calculated by Bergman [1] and the thermal conductivity, k, 
in Appendix 4 are valid. Furthermore, the material thickness, L, of the metal test 
sheet is L = 0.002 m in this case. With these values in equation (7.3) the Biot 
number, Bi, is at least much lower than 1 for surface temperatures, Ts, higher than 
about 350 °C, or excess temperatures, ∆Te, above 250 °C. Thus, it is reasonable to 
assume that the lumped capacitance method is valid in this case.  
 
Diagrams with the deflection, f, in the centre of the metal test sheets from 
experiments no 1, 11, 17 and 20 are displayed in Figure 25. New metal test sheets 
were used in these four experiments. As mentioned above, analyses of the history 
of deflection was not a part the work included in the thesis. The measurements of 
the deflection, f, was carried out for later use in the project.  
 

     
Experiment no 1, Inconel 600   Experiment no 11, Inconel 600  
 

     
Experiment no 17, Docol Bo 02   Experiment no 20, Docol Bo 02  

Figure 25. Diagrams with the deflection, f, in the centre of the metal test sheets from experiment 
no 1, no 11, no 17 and no 20. The unit of the deflection, f, in the diagrams is (mm). The measured 
deflection is relative. The horizontal lines in the diagrams indicate the level when the metal test 
sheets were placed in the test rig just prior to when the water was turned on. 
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8 Conclusions  
In Figure 21, Figure 22 and Figure 23 the a)-diagrams indicate that the boiling 
curves have the typical shape as described above. However, the b)-diagrams 
indicate that the convection heat transfer coefficient, h, is about 10 times higher 
than calculated by Bergman [1]. Furthermore, the c)-diagrams display that there is 
a significant difference between the theoretical temperature, Tcalc, and the 
measured surface temperature, Ts, in each of the experiments displayed.  
Thus, the heat transfer model overestimates the heat flux, q”. Also, compared with 
the lumped capacitance method in Figure 24, the heat flux, q”, calculated with the 
heat transfer correlations is significantly higher. Therefore, the heat transfer 
model needs to be modified.  
The heat transfer correlations used are proven to be adequate for aluminium alloy 
extrusions, composites and continuous castings. It is possible that the heat transfer 
correlations are not well suited here where the material is relatively thin steel and 
the cooling is very rapid. However, despite too high values of the heat flux, q”, 
the behaviour of the boiling curves seems to be correct.  
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9 Future work  
A lot of work is still to be done in the project. The results accomplished during the 
development of this thesis will hopefully be of some help for the continuous work. 
Some of the future work is listed below.  
 
As a first step, the data from the experiments should be used to adjust the heat 
flux model and perhaps also the heat transfer correlations. Then the heat flux 
model can be extended gradually by adding more advanced functions as 
mentioned above in the program structure, eg using interacting sprays from 
adjacent spray nozzles and the possibility to handle hidden nodes. Also, the 
models can be used to predict more complicated experiments, including forming, 
where displacement of the part is included.  
No complete heat flux model was developed during the course of the thesis. 
However, the test program and its modules have hopefully carried the 
development of the heat flux model forward and generated a number of useful 
functions.  
 
The experiments carried out were made with a number of simplifications as 
mentioned above. The next step is to carry out experiments with more parameters 
are involved, eg two or more adjacent spray nozzles and with the geometry of the 
part more complicated than that of a flat metal sheet. A future experiment should 
also involve the simultaneous forming procedure.  
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Patterns for thermocouple wires on metal test sheets 
 
Pattern 1) Experiments 1-10: 
- For circular spray pattern. 
- The measurement points are indicated with a dot. 
- Thermocouple number 1 is placed in the centre of the spray pattern. 
- The figure shows the topside of the metal test sheet. 
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Pattern 2) Experiments 11-19: 
- For elliptic spray pattern. 
- The measurement points are indicated with a dot. 
- Thermocouple number 1 is placed in the centre of the spray pattern. 
- The figure shows the topside of the metal test sheet. 
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Pattern 3) Experiments 20-25: 
- For circular spray pattern. 
- The measurement points are indicated with a dot. 
- Thermocouple number 1 is placed in the centre of the spray pattern. 
- The figure shows the topside of the metal test sheet. 
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Pattern 4) Experiments 26-28: 
- For elliptic spray pattern. 
- The measurement points are indicated with a dot. 
- Thermocouple number 1 is placed in the centre of the spray pattern. 
- The figure shows the topside of the metal test sheet. 
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Electrical components for measurement  
 
Thermocouple: 
Supplier:  Pentronic 
  0490-25 85 00 
  www.pentronic.se 
 
Name:  G/G-30-KK 
Article number: 04-20230 
Range:  To 1100 °C 
 
Pressure transducer: 
Supplier:  OEM Automatic AB 
  0140-36 02 36 
  www.oemautomatic.se 
 
Name:  Pressure transducer ¼” standard, 4-20 mA  
  (Tryckgivare ¼” standard, 4-20 mA)  
Article number: 3249 07 60 01 
Range:  0-16 bar 
 
Flow rate transducer: 
Supplier:  ELFA AB 
  08-580 941 00 
  www.elfa.se/se/ 
 
Name:  Flow rate transducer SF-800-B  
  (Flödesgivare SF-800-B)  
Article number: 37-595-11 
Range:  0.5-20 litre/minute 
Operating pressure: Max 16 bar 
 
Linear displacement transducer: 
Supplier:  Danelko elektronik AB 
  0431-44 84 54 
  www.danelko.se 
 
Name:  Analogue linear displacement transducer, resistive  
  (Analog linjär lägesgivare, resistiv)  
Article number: PY2-C-50-CON011 
Matching contact:  CON011 IP40 
Range:  0-50 mm 
Linearity:  0.1 % 
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Electromagnetic valve: 
Supplier:  OEM Automatic AB 
  0140-36 02 36 
  www.oemautomatic.se 
 
Name:  Magnetic valve ¼”, closed at no current  
  (Magnetventil ¼”, strömlöst stängd) 
Article number, house: 115 90 003 
Article number, contact: 182 09 N21 
Article number, coil: 430 04 186 (24 V) 
Range:  0-16 bar 
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Hardware and software for measurement  
 
Supplier:  National Instruments Corporation™ 

  08-587 895 00 (Branch office in Sweden) 
  www.ni.com 
 
Software:  LabVIEW™  
   
 
Hardware:  SCXI™-1000 Chassis  
  SCXI™-1120 Analog Input Module (2 units)  
  SCXI™-1102B Analog Input Module  
  SCXI™-1327 Terminal Block (2 units)  
  SCXI™-1303 Terminal Block 
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Metal test sheets 
 
Inconel 600: 
Manufacturer: Special Metals Corporation 

www.specialmetals.com 
 
Supplier:  Harald Pihl AB 
  08-731 56 00 
  www.haraldpihl.se 
 
- Inconel 600 is a metallic alloy that mainly consists of Ni (minimum 72%) and 

Cr (14-17%). 
- Due to its chemical structure, Inconel 600 does not change phases during a 

cooling process.  
- Inconel 600 are used were high corrosion and/or temperature resistance is 

needed. 
- Thermal conductivity, k, with respect to the temperature. See Figure 1. 
- Inconel is not a standardised name. Inconel is the manufacturers own 

commercial name. 

Figure 1. Thermal conductivity, k, with respect to temperature. 
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Docol Bo 02: 
Manufacturer SSAB Tunnplåt 
and supplier:  0243-700 00 

www.ssabtunnplat.com 
 
- Docol Bo 02 is a B-alloy (0.002-0.004 %). 
- Docol Bo 02 is suitable for quenching and is used in components were high 

strength is needed. 
- When hardened, the yield strength can get as high as 1300 MPa.  
- Excellent formability at 900 8C. 
- No spring back when hot formed.  
- Thermal conductivity, k, with respect to the temperature. See Figure 2. 
- Docol Bo is not a standardised name. Docol Bo is the manufacturers own 

commercial name. 

Figure 2. Thermal conductivity, k, with respect to temperature. 
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Spray nozzles 
 
Manufacturer: Spraying systems Co™  

www.spray.com  
 
Supplier:  Allan Rehnström AB  
  026-100 100 
  www.rehnstrom.se 
 
 
The types used in the experiments were; 
- FullJet 14W with a full circular spray pattern,  

3.6 mm exit diameter. 
- VeeJet 4004 with a full elliptic spray pattern,  

1.3 mm equivalent exit diameter. 
- VeeJet 9515 with a full elliptic spray pattern,  

2.4 mm equivalent exit diameter. 
 
Remark:  
- All three had ¼”-connection. 
- All three were made from brass. 
- Spray patters and angles are displayed in Figure 1. 
- Technical specifications can be supplied by Allan Rehnström AB. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Spray patters and angles.  
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Behaviour of metal test sheets 
 
Physical properties: 
 
Inconel 600: 
Young’s modulus, E, at 900 8C: 55 GPa 1)  
Yield strength, σy, at 900 8C: 135 MPa 1) 
Coefficient of thermal expansion: α = 13.3 [µm/(m8C)] 2)  
Density:   ρ = 8470 [kg/m3] 2)  
 
Docol Bo 02: 
Young’s modulus, E, at 800 8C: 120 GPa 3)  
Yield strength, σy, at 800 8C: 85 MPa 3)  
Coefficient of thermal expansion: α = 12.0 [µm/(m8C)] 4)  
Density:   ρ = 7850 [kg/m3] 4)  
 
Handbook case (simplified) for deflection and maximum stress  
of a square plate lying on supports with equally distributed load: 5)  
 
 
 
 
 
 
 
 
 
 
m = equally distributed load (own weight of metal sheet) [kg]  
p = load per unit area [N/m2]  
b = side length [m]  
h = thickness [m]  
F = force in each corner of metal sheet to keep it in place [N]  

71.02
3

4

max ⋅
⋅







⋅

=
hE

bp
f  = maximum deflection [m]  

15.12
2

2

max ⋅






⋅

=
h

bp
σ  = maximum stress [Pa]  

 
Properties:  

mb 400.0=   
mh 002.0=   

2/1.16671.2 mNpkgm InconellInconell =⇒=   
2/0.15451.2 mNpkgm DocolBoDocolBo =⇒=   

b b

F 

F

F

F

hMidpoint of the 
metal sheet, the 
point of maximum 
deflection, fmax, 
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Calculations: 
 
Deflection: 

Inconel 600: mmff 43.071.0
002.01055

2
400.01.166

max39

4

max =⇒⋅
⋅⋅







⋅

=  

 

Docol Bo 02: mmff 18.071.0
002.010120

2
400.00.154

max39

4

max =⇒⋅
⋅⋅







⋅

=  

 
Maximum stress: 

Inconel 600: MPa91.115.1
002.0

2
400.01.166

max2

2

max =⇒⋅






⋅

= σσ   

 

Docol Bo 02: MPa77.115.1
002.0

2
400.00.154

max2

2

max =⇒⋅






⋅

= σσ  

 
Thermal expansion: 
Since Inconel 600 has the higher coefficient of thermal expansion, it is used in the 
calculation. 
 
Formula: Tll ∆⋅⋅=∆ α  
∆l: Thermal expansion. 
l: Length of part at the lowest temperature 
α: Coefficient of thermal expansion. 
∆T: Difference between the highest and the lowest temperature. 
 
Remark: The lowest temperature is assumed to be “room temperature”, 20 
8C. 
 

( ) mmmmmll 568.46.4681209003.13400.0 ≈==∆⇒−⋅⋅=∆ µ  
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Program structure 
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Description of each program module 
 
- Sn-list: In-put list with the in-put parameters for the spray nozzles (txt-file). 
- N-list: In-put list with the in-put parameters for the nodes of the part (txt-file). 
- M: Main program. Operates the communication with and between the sub-

programs. Eventually also control functions. 
- Sn-values: Reads and stores the in-put parameters for the spray nozzles and 

stores them. Constantly updated by the FE-program.  
- N-values: Reads and stores the in-put parameters for the nodes of the part and 

stores them. Constantly updated by the FE-program. 
- Sn-com: Operates the communication between the main program and the sub-

programs Sn1, Sn2, Sn3, etc.  
- Sn1, Sn2, and Sn3: Each module operates the communication to the sub-

programs Sn sub1 and Sn sub2. Contains tables of data for respectively type 
of spray nozzle and interpolation formulas.  

- Sn4-: Possibility to add modules for more types of spray nozzles. 
- Sn sub1: General module that calculates the spatial angles, α and β, for a 

specified spray nozzle.  
- Sn sub2: General module that calculates the areas covered by the spray 

nozzle.  
- H2O: Calculates the thermophysical parameters for water. Contains tables of 

data for water at different temperatures and interpolation formulas. 
- d32: Calculates the Sauter mean drop diameter (SMD), d32. Contains tables of 

data of drop sizes for each spray nozzle type at different pressures and 
interpolation formulas. 

- Um: Calculates the mean drop velocity, Um, on impact of the part for each 
spray nozzle type. Contains a mathematical formula.  

- Q”: Calculates the volumetric spray flux, Q”, based on the measurements. 
Contains tables of data of drop sizes for each spray nozzle type at different 
pressures and interpolation formulas.  

- q”: Calculates the heat flux, q”, at a specified node.  
- q” store values: Stores calculated values of the heat flux, q”.  
- Sn-N relations: Calculates geometric relations between the spray nozzles and 

the nodes.  
- Sn-N interact: Calculates corrected values of the hydrodynamic parameters, 

d32, Um, Q”, where interaction between adjacent spray nozzles occurs. 
 
- FE-prog: Auxiliary FE-program which;  

- Reads calculated values of the heat flux.  
- Calculates the conduction heat transfer in the material.  
- Calculates displacements on both spray nozzles and nodes.  
- Returns new coordinates for both spray nozzles and nodes.  
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Volumetric spray flux, Q” 
 
Diagrams over measured values of the volumetric spray flux, Q”, for the spray 
nozzles used in the experiments. 
 
The diagrams (Figure 1-10) below display; 
- Vertical axle: Volumetric spray flux (m3/m2 s). 
- Horizontal axle: Radius (m) on the measurement surface perpendicular to the 

centre of the spray nozzle orifice in two directions. 
- The distances to the right of the diagrams indicate the perpendicular height 

between the centre of the spray nozzle orifice and the measurement surface.  
- Two diagrams for spray nozzles with elliptic spray patterns. The “x-axle” 

refers to the longer axle of the ellipse and the “y-axle” refers to the shorter. 
- Negative values in some of the diagrams are due to the curve fitting procedure 

and should be interpreted as zero. 
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FullJet 14W, no pump
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Figure 1. Q" for FullJet 14W with no pump (lower pressure).  
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Figure 2. Q" for FullJet 14W with pump (higher pressure).  
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VeeJet 4004, no pump, x-axle
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Figure 3. Q" for VeeJet 4004, x-axle, with no pump (lower pressure). 
 

VeeJet 4004, no pump, y-axle
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Figure 4. Q" for VeeJet 4004, y-axle, with no pump (lower pressure).  
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VeeJet 4004, pump, x-axle

-0,010
0,000
0,010
0,020
0,030
0,040
0,050
0,060
0,070
0,080
0,090
0,100

-0,20 -0,10 0,00 0,10 0,20

Radius from centre (m)

Q
" (

m
^3

/m
^2

 s
)

0.1 m
0.14 m
0.2 m
0.24 m
0.28 m
0.32 m
0.36 m

 
 
Figure 5. Q" for VeeJet 4004, x-axle, with pump (higher pressure).  
 

VeeJet 4004, pump, y-axle
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Figure 6. Q" for VeeJet 4004, y-axle, with pump (higher pressure).  
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VeeJet 9515, no pump, x-axle
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Figure 7. Q" for VeeJet 9515, x-axle, with no pump (lower pressure). 
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Figure 8. Q" for VeeJet 9515, y-axle, with no pump (lower pressure). 
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VeeJet 9515, pump, x-axle
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Figure 9. Q" for VeeJet 9515, x-axle, with pump (higher pressure). 
 

VeeJet 9515, pump, y-axle
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Figure 10. Q" for VeeJet 9515, y-axle, with pump (higher pressure). 
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Derivation of the equation for Um 
 
Free body diagram:  
 
g = gravity 
Assume spherical drop shape 
 
 
 
 
 
Formulas: 

AvCD airD ⋅⋅⋅⋅= 2

2
1 ρ     (1)* 

D = air drag on a sphere [N]  
CD = drag coefficient [-]  
ρair = air density [kg/m3]  
v = drop speed [m/s]  
A = projected area [m2]  
 

amF ⋅=∑  (Newtons second law)   (2) 
F = force [N] 
m = mass [kg] 
a = acceleration [m/s2] 
 
Circumscribing: 

v
dx
dv

dt
dx

dx
dv

dt
dva ⋅=⋅==     (3) 

 

( ) ( ) v
dx
dvv

dx
d

dx
dvvv

dx
d

⋅=⋅⇒⋅⋅= 22

2
12    (4) 

 
Derivation: 

( ) a
m
DgamDgm =−⇒⋅=−⋅⇒2    (5) 

 
22

22
)1( vK

m
DK

m
AC

v
m

AC
m
D airDairD ⋅=⇒







 =

⋅
⋅⋅

⇒⋅
⋅

⋅⋅
=⇒

ρρ
 (6) 

 
( )( ) avKg =⋅−⇒ 265     (7) 
 

( )( ) v
dx
dvvKg ⋅=⋅−⇒ 237    (8) 

 

mg 

D, air drag 

Spherical 
drop 
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( )( ) ( ) ( )⇒=⋅⋅−⋅⇒⋅=⋅−⇒ 2222 22
2
148 v

dx
dvKgv

dx
dvKg  

( ) 222 2222 vK
dx
dgvKv

dx
dg 






 ⋅+=⋅⇒⋅⋅+=⋅⇒   (9) 

 
ph vvxv +=)(     (10) 

where x is the distance from the spray nozzle. 
 
( ) xK

h eCv ⋅⋅−⋅=⇒ 229     (11) 
 

( )
K
gv p =⇒ 29     (12) 

 

( )( )( ) 





+⋅=⇒ ⋅⋅−

K
geCxv xK2)(121110Q   (13) 

 
Determination of C:  

0)0( vxv == , drop speed at the orifice of the spray nozzle. 
 

K
gvC

K
gCv −=⇒





+⋅= 2

00 1    (14) 

 

( )( ) ( )
K
ge

K
gvxvU xK

m +⋅





 −==⇒ ⋅⋅−22

01413Q   (15) 

 
Since x is the distance between the orifice of the spray nozzle and the nod in 
question and Um is the velocity of one drop at impact, the equivalence in (15) is 
sufficient. Equation (15) was used in the mathematical models.  
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Selected plots of temperature distribution on a surface 
These plots display the temperature distribution, in °C on the z-axle, over a 
quarter of the metal test sheet at a number of time instants after the water had 
been turned on. The time instants are indicated under each plot, Figure 1-9. 
 

 
Figure 1. t = 2 seconds. 

 
Figure 2. t = 5 seconds. 

 
Figure 3. t = 8 seconds. 
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Figure 4. t = 10 seconds. 

 
Figure 5. t = 15 seconds. 

 

 
Figure 6. t = 17 seconds. 
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Figure 7. t = 20 seconds. 

 
Figure 8. t = 25 seconds. 

 

 
Figure 9. t = 30 seconds. 

 
 
 


