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Abstract 

Spray quenching is a method for precise control of material and workpiece properties of metallic specimen 

in heat treatment processes. Specific material microstructure distributions in combination with the avoidance of 

workpiece distortion in heat treatment processes may be realized by impressing precisely controlled cooling with 

flexible flow fields based on multiple two phase spray nozzle arrangements.  

This contribution describes the use of spray cooling techniques for specific quenching of simple shaped alumi-

num and steel specimen in heat treatment processes. For efficient estimation of the cooling process a spray char-

acterization, consisting of drop velocity, drop diameter and impingement density measurements in combination 

with measurements of local heat transfer coefficients (HTC) is performed. The HTC-profile measurements were 

obtained from the solution of the inverse heat conduction problem based on thermographic temperature meas-

urements during spray cooling of thin sheets. The results are validated with established calculation and model 

approaches and numerical cooling simulations.  

 

 

Introduction  

The heat treatment process of e.g. steel and aluminum is an important production step in metal working in-

dustries. The material performance can be increased in a high range by heat treatment. Controlling of the 

quenching process and optimizing the performance of the parts are the targets of intensive researches [1][2]. The 

advanced performance helps to build more complex and lighter parts in an economical way. The use of high per-

formance workpiece reduces the need for energy and further resources in the production.  

The heat treatment and therefore the quenching of metal parts is the main process to increase the perfor-

mance of metal workpiece [3][4]. The performance of steel and aluminum alloys over the time temperature curve 

is shown in the time-temperature-transformation ttt- and iso-ttt-diagrams. For example within the cooling of 

steel, from the austenite into some other phases like bainite or ferrite, the microstructure cores start growing and 

changing their configuration. These phase changing and mixing processes are time-dependent and point out the 

main processes for the material performance, which are directly connected to the temperature change over the 

time. High performance parts need defined local properties to resist a locally applied load. For example gear-

wheels need hard tooth flanks to decrease the abrasion as well as a more ductile tooth base to decrease the im-

pact load of contact. Therefore an intense quenching of the tooth flank should be applied as well as a lesser 

quenching intensity of the tooth base [4].  

The industrial standards of quenching methods in heat treatment are gas quenching, spray quenching, jet 

quenching, and dipping bath quenching. These types of quenching have advantages and disadvantages through 

different levels of HTCs. The heat transfer coefficient ranges from 10 W/m
2
K up to 1000 W/m

2
K for gas 

quenching, from 600 W/m
2
K to 42000 W/m

2
K [5][6] for spray quenching and up to 2000 W/m

2
K till 42000 

W/m
2
K for jet quenching [7]. High HTC gradients may lead to thermal stresses and distortion of the compo-

nents. Depending on material, microstructure, ttt-diagrams, quality of distortion and amount of heat treated 

workpieces are to be designed.  

Furthermore the necessary cooling rates are depending also on the geometric shape of the workpiece. In 

some cases, heavy parts with different wall thickness are used. These parts need high HTCs to reach the targets 

cooling rate inside but also need a variable cooling rate to avoid an undercooling of the surface. Time-depending 

cooling rates are needed to create a high performance microstructure in an exemplary shoulder shaft (figure 7). 

This is equal to aluminum parts, mostly profiles, casting or forging with variations in thickness, which also need 

fast quenching rates at thin sections and slow rates at thicker sections. The shouldered shaft represents a simpli-

fied gearing specimen, which is frequently used and produced in the industrial environment.   

The spray quenching in controlled flexible spray fields combines the advantages of local defined wide 

ranged HTC leading to high strength and less distortion [4][8]. Controlled spray quenching in flexible fields 

avoid distortion in heat treatment processes by impinging the part with asymmetric and variable HTCs. In com-

parison to water dipping bath quenching, the disadvantage of the Leidenfrost phenomenon can be avoided by 
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sprays with lower amount of water [5]. The wetting of the workpiece can be controlled by the nozzle setup and 

the process parameters. Single droplet evaporation can be realized to avoid the development of a consistent liq-

uid layer on the surface, which is characterized as the Leidenfrost phenomenon [9]. 

To create high performance parts with varying wall thicknesses, an asymmetric spray field with individual 

nozzle process parameter may be used. The process parameters for each nozzle are previously derived by numer-

ical simulations and analytic dimensioning, to reach local-distributed quenching intensities [10]. This is followed 

by spray characterization (impingement density, drop size distribution, angle of spray, mean drop velocity distri-

bution, mean gas flow velocity) determined by experimental investigations with patternator measurements (mass 

flux), laser diffraction spectrometry (drop size), particle image velocity (drop velocity) and quenching test (HTC 

and temperature) [4]. The resulting HTC is estimated according to the process parameters. These heat transfer 

coefficients are compared to results of other tests and implemented into numerical simulations of heat transfer 

for various parts. For representing a specimen during a quenching process, possessing surface areas of direct 

water impingement, predefined surfaces of the specimen model can be implemented by applying calculated heat 

transfer coefficients [11] through user defined functions (UDF). Numerical simulations help rating a quenching 

process in order to achieve a homogeneous temperature profile to reduce distortion.   

  

 

Experimental determination of the heat transfer coefficient distribution in impinging sprays 

The heat transfer coefficient measurements are divided into two main setups. The first setup is based on de-

termining the surface temperature via infrared thermal imaging during spray quenching [12]. Figure 1 shows the 

schematic trials setup for the infrared measurements.  

 

       
 

 

 

 

 

 

The setup is composed of a nozzle, a heated (thin) plate and a thermographic camera system. The used noz-

zle are flat spray two phase mixing nozzles with a liquid mass flow range from  0.05 l/min to 27 l/min, a gas 

pressure range of 1 bar to 6.3 bar and a spray angle of 90°. For comparison also internal (figure 3) and external 

(figure 2) mixing nozzles are used to validate the influences on the cooling behaviour. The used fluids are water 

as the liquid phase and air as the gas phase.  

Different test plates are used for the thermographic, which are described in table 1. To determine the variation of 

the emission coefficient of the plate, the side facing the thermo camera, is coated with matt black lacquer to 

achieve an emission coefficient of E ≈ 0.9. 

 

 

 

 

 

 

 

 

The different parts are used to determine the influence of different materials and probe geometries [13]. The 

camera system is a Vario CAM HiRes 640.  

Initially the part is heated up in a box furnace to more than 550 °C for aluminum plates and 850 °C for steel 

plates. After achieving a homogenous temperature distribution in the plate, the plate is manually removed from 

nozzle plate

thermographic system

Spray

T, t

Q, p

Figure 1 Schematic exposition of the 

infrared surface temperature meas-

urement setup. 

 

Figure 2 Two phase external mixing 

flat spray nozzle 

 

Figure 3 Two phase internal mixing 

flat spray nozzle 

 

r 

Table 1 Assay table with the different 

used geometries and materials 

assay material thickness dimensions

1 steel 5 mm ø = 200 mm

2 steel 3 mm 200 x 200 mm

3 aluminum 3 mm 200 x 200 mm
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the oven and placed in the setup. The heat loss during this operation is approximately 50 – 70 °C in surface tem-

perature. The quenching starts immediately the spray nozzle is positioned perpendicular onto the metal work-

piece surface with a distance between nozzle and workpiece surface of r = 100 mm. The surface temperature is 

detected on the opposite position during the quenching via the thermographic system. The detection frame rate is 

50 frames per second (fps) with a resolution of 640 x 480. Solving the inverse heat conduction process, the tran-

sient, quasi one dimensional heat conduction [4] process or the Lumped Capacitance Method (LCM) allows de-

termination of the local and temporal heat transfer coefficient distribution from the surface temperature meas-

urements. 

The second setup is an industrial quenching process demonstration process setup. The controlled flexible 

spray field is an arrangement of eight nozzles evenly spread around the specimen divided into two segments. The 

nozzle position, distance and angle to the specimen surface are variable. Figure 4 shows the schematic arrange-

ment for a quenching process of a shouldered shaft and figures 5, the used arrangement.  

 

          

 

 

 

 

 

 

 

The distance between the nozzles and the shaft surface is at least 100 mm. For minimal distortion and max-

imum process control, the gas pressure and the liquid mass flow rate can be controlled for each segment sepa-

rately, whereby a large number of asymmetric quenching conditions can be applied. The actual experiments are 

performed with the shouldered shaft specimen shown in figure 6. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The nozzles arrangement allows a certain overlapping in critical zones. Initially the heated shouldered shaft is 

manually transferred into the spray field. Immediately the quenching starts and the temperature distribution at 

certain points inside the specimen are recorded. The temperature is measured by thermocouples, type K, in cer-

tain drillings of the workpiece. One thermocouple is placed close to the surface (0.6 mm drilling), this thermo-

couple is facing the spray direction. This thermocouple detects a virtual surface temperature for evaluation of the 

HTC during the quenching process. The flexible arrangement and separate adjustment of process parameters, 

within the position of the nozzles, allows asymmetric quenching of different wall thicknesses, geometries and 

materials.  

The cooling curves of the thermographic trials and of the flexible spray field trials are analyzed in the fol-

lowing chapters.              

    

Figure 5 Arrangement of eight flat 

spray nozzles for flexible spray 

quenching of a shouldered shaft  

 

Figure 4 Schematic trials setup. 

 

Figure 6 Quenching assembly shoul-

dered shaft including drilling for 

thermocouples 
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Results and Discussion 

The process parameter show similar behaviour to the cooling rates as the literature findings [14][11][3]. 

Higher fluid volume flows increase the cooling rates of the specimen. In comparison to the fluid volume influ-

ence the gas pressure influence can be ne-

glected for these trials, the influence is too 

small. Therefore the time-temperature 

boundary in transient measurements is con-

sidered in detail. Based on the time-

temperature-functions the heat transfer coef-

ficient distribution is determined. The ap-

proximation of the HTC is based on the tran-

sient heat conduction in a static body.  

  

Figure 7 shows an exemplary comparison 

between the analytic results of transient      

heat conduction of a plate (steel, thickness 5 

mm) with a constant heat transfer coefficient 

[5][15] and the results of the spray cooling 

thermographic measurements. Some cases 

are not matching the analytic calculate with 

the assumption of a constant heat transfer 

coefficient. Depending on the Leidenfrost 

effect there are at least two different HTC 

values necessary, as shown in figure 8. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Furthermore the heat transfer in multiphase flow with phase changing (evaporating) fluids, here especially 

water, is strongly temperature dependent. The boiling curve in figure 9 shows the achieved temperature heat flux 

function versus surface temperature Tw, fluid temperature, saturation temperature Tsat of the fluid and heat flux 

q´´ or rather the heat transfer coefficient [15][16]. 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9 Boiling curve showing dif-

ferent regions in pool boiling [16] 
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Figure 8 Exemplary comparisons between calculated 

transient heat conducting and measurements with two 

ranges 

 

Figure 7 Exemplary comparisons between calculated transi-

ent heat conducting and measurements. 
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For analysis of the connection between the surface temperature and the HTC a finite volume element with one 

surface side heat transfer mechanism is used to evaluate the time / temperature dependency of the heat transfer 

coefficient [12].  

The energy balance, equation (1), gives information about the heat flux. 

 

 

                 (1) 

 

The heat flux is described by the HTC depending on the surrounding temperature, equation (2). 

 

                           (2) 

          

The time, temperature and material depending function of the HTC is derived. 

                (3) 

 

              

The model, also used in [12][17], neglects the transient heat conduction in the specimen. Thermal energy 

transport may occur in surface normal (to the core) and tangential direction. The radial influence is a heat flux of 

the not impinged surface to the impinged. An analysis of a volume element in the middle of the spray cone min-

imizes the influence of the radial heat flux, with the priori statement of a homogeneous heat transfer coefficient 

in the center of the spray [3]. To derive the connection between temperature and HTC of sprays, the cooling 

curves are fitted with a grade 6 polynomial shown in figure 10.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The polynomial fitting shows the best approach to the measurement results [11]. By smoothing the time-

temperature-function important points get lost, as figure 11 shows. The use of a single polynomial over the 

whole temperature range cannot match the unsteady cooling rate. Using more than one polynomial function for 

the whole range helps to image cooling curves and allows to approachs the time or rather the temperature de-

pending HTC for a wide range and several points of interest, as shown in figure 12 und 13.  

 

 

Figure 10 Approaches of cooling 

curves with a grad 6 polynomial 

 

Figure 11 Failure of the approaching 

with smoothing of the cooling curves 

 

Figure 12 Exemplary diagram of the 

HTC / temperature curves for the 

wide range 

 

Figure 13 Exemplary diagram of the 

HTC / temperature curves for the   

range of 1000 K – 600 K 
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For lower temperatures the wide range HTC functions has a plateau at around 500 W/m
2
K and increases at            

≈ 450 K. Furthermore the HTC increases with a high rate at least until 600 K. A function between nozzle / pro-

cess parameters and HTC / temperature curves is to be derived in analogy to e.g. [11][12]. Figure 13 is similar to 

figure 9 illustrating the function between HTC and temperature in principle agreement to the boiling curve. The 

spray impact moves the Leidenfrost point to higher temperatures and smooths the decreasing effect of the HTC. 

Combining the thermographic and the spray field results feature new technical expertise of the spray cooling. A 

thermographic image of the whole cooling area during the full time range carries the information of the tempera-

ture and the time for each pixel. A time versus temperature and a temperature–HTC run visualize the main spray 

area obtaining relevant information. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 14 shows a temperature/position/HTC diagram along the large spreading side of the spray. The middle of 

the spray cone is represented by x = 57.5 mm. Figure 15 shows the temperature/position/HTC diagram along the 

small spray spreading. The middle of the spray is at x = 35 mm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The measurements obtain high heat transfer coefficients at high temperatures in the middle of the spray and low-

er HTC towards the edge of the spray cone, similar to [3][11][12]. The large spreading has a higher HTC gradi-

ent at the border. The HTC-profile is based on the spray profile of the flow, impingement density and distribu-

tion. The high HTC peaks moves from high temperature to low temperature from the middle to the border. With 

lower temperature the HTC-profile flattens totally. This behaviour of the HTC-profile is based on the heat con-

Figure 14 HTC-Temperature-

Position profile of the large spread-

ing, process parameter 175 l/h 5.6 bar  

 

Figure 15 HTC-Temperature-

Position profile of the small spread-

ing, process parameter 175 l/h 5.6 bar  
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duction in radial direction of the specimen. The thermal resistivity on the surface during spray cooling (HTC = 

α) and the thermal resistivity in the assay itself, depending on the heat conduction (λ) and the length (l), is almost 

at the same order of magnitude. The quotient between both resistivities represents the Biot number [15][16]. 

      

              (5) 

 

Heat transfer coefficients of 1500 W/m
2
K up to 6000 W/m

2
K during the cooling are at the same order of magni-

tude as the heat conduction of the assays. An average HTC of 3000 W/m
2
K creates an average Biot number of Bi 

= 1 for the 5 mm specimen(for 6000 W/m
2
K Bi = 2). The heat conduction in the assay is therefore almost at the 

same level. This effect is shown by the relatively high HTC at the spray border in figure 19 and figure 20. Alt-

hough these areas are out of the direct spray impact area, high HTC of more than 4000 W/m
2
 K

 
are detected. 

These effects are not recognized by the second setup. The assay thickness creates much higher Biot number (Bi 

= 9, l = 45 mm, α = 3000 W/m
2
K). The assay heat resistivity is much higher than the spray cooling heat resistivi-

ty. The main temperature gradient for the flexible spray field inside the assay and for the thermographic trial is 

not clearly defined between surface, length or radial direction of the assay.     

     

These results are implemented into numerical simulations of specimen cooling behaviour. Therefor a simulation 

was performed with geometric and material data of the shouldered shaft specimen of figure 4. The cooling 

curves are compared from simulation and experimental trials. In figure 16 the comparison between the cooling 

curves present quite good agreements. Figure 17 represent the used simulation model. It is illustrated with local 

HTC distribution based on the results of the thermography measurement.   

  

    

  

 

 

  

 

 

 

 

 

 

 

 

 

 

 

Summary and Conclusions 

The heat transfer during spray quenching with two phase flat cone spray nozzles is investigated. The used 

parameter range was a fluid volumetric flow rate of 0.25 l/h – 2.9 l/h and a gas pressure of 1 bar – 5.6 bar. The 

initial specimen temperature was about 1073 K and the detected surface temperature range reach from 1050 K - 

400 K. Two experimental setups were used, the thermographic setup and a flexible spray field setup, as industri-

al used quenching setup. The measured HTC have peak values of more than 6000 W/m²K and depend on speci-

men surface temperature and position. The main parameter for the HTC distribution is the specimen surface 

temperature. The gas pressure influence to the cooling process is minimal. The fluid flow exhibits with an in-

creasing flow a faster cooling reaction and a faster cooling of the specimen and therefor a higher HTC. Analysis 

of the cooling curves must select a wide range HTC function and low range HTC function. Low range HTC 

function exhibits the influence of the Leidenfrost effect. Wide range HTC function demonstrated the function of 

temperature and position to the HTC. The identified HTC and the distribution of the HTC in the impingement 

area are in agreement with previous investigations [3][11][12][18]. The temperature depending HTC distribution 

over the specimen surface includes also the not directly impingement faces, which shows the influence of the 

three dimensional heat conduction. These results are implemented into numerical cooling simulations. 

For further investigations the complete three dimensional heat conduction terms will be implemented into 

the calculation of HTC during thermographic analysis. The heat transfer process during spray impingement on 

curved (her convex shaped) surfaces is to be investigated to describe the relevant HTC during spray quenching 

of specimen.   

 

Figure 16 Comparison between simulated 

cooling curves and measured cooling curves  

 

Figure 17 Simulation model with 

local HTCs.  
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