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Abstract 

This paper describes experimental stages of a cooling system designing procedure in laboratory conditions of 

vertically and horizontally moving surfaces. First stage of the experimental research is focused on a study of 

a water flow distribution and impact pressure using laboratory equipment and software. Water distribution and 

impact measurement tests are used for verification of catalogue data provided by nozzle producer so thus an 

input information to the theoretical water distribution visualization software. Second stage of the experimental 

research are dynamic tests to describe an influence of several parameters (water flow rate, pressure, nozzle 

position etc.) on the cooling capability and mainly on the cooling homogeneity. Heat transfer coefficient 

dependence on a surface temperature and position obtained from these results and used as a boundary 

condition for simulating real cooling process with real material and thickness. Verification and characterization 

of the final cooling system could be done using Carousel stand when the linear movement is transferred to a 

rotation and it enables to simulate very long cooling zones. Examples of the thin sheets cooling and influence 

of several parameters on the cooling intensity are given in this paper. 
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1. INTRODUCTION 

Design process of cooling section for sheets cooling is quite complicated due to requirement of high cooling 

intensity and perfect cooling homogeneity. Very intensive inhomogeneous cooling can lead to plate 

deformation during product making process [1-4].  

Cooling intensity is major important parameter in process control. It could be easily changed by changing 

parameters that influences a heat transfer coefficient (HTC [Wm-2K-1]). These parameters are: water 

impingement density, pressure, temperature, strip velocity, spray configuration and so on [5-7]. These 

parameters have to be characterized deeply for each cooling system. The Heat transfer and fluid flow 

laboratory (HeatLab) developed testing devices for cooling processes simulations of vertically and horizontally 

moving plates in laboratory conditions. 

Cooling section designing process starts by specification of metallurgists requirements for the new cooling 

system or by characterization of the current one. Three stages of cooling design follows. First stage is focused 

on measurements of water spray impact pressure on flat plate. It allows adapting distances between nozzles 

to control water spray overlaps – cooling homogeneity. When this stage is done the heat transfer tests are 

performed (second stage). Cooling capability and homogeneity are characterized by heat transfer coefficient 

dependence on the surface temperature and position of a strip in a cooling zone. These boundary conditions 

are used for cooling simulation [8]. Simulations results depends also on material properties precision [9] so 

final cooling design should be experimentally verified (third stage). Full scale cooling zone could be produced. 

The Carousel stand is used for these tests. It enables to simulate real cooling process in laboratory conditions. 

Once the cooling regime with real sample is verified, the cooling zone could be easily designed, produced and 

used in real plant. 
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2. STUDY OF WATER FLOW DISTRIBUTION AND IMPACT PRESSURE (PHASE 1) 

Preliminary design of a cooling zone is dependent on input requirements and HeatLab experiences. Two of 

the most important parameters are cooling homogeneity and intensity. Thin sheet deformation is very sensitive 

on a cooling homogeneity especially in a case when very high cooling rates are required [10]. HeatLab 

developed device for measurement of water impact pressures on flat plate (Figure 1). It is composed of 

moveable plate equipped by pressure sensor with minimal diameter of 0.1 mm. Device is connected to a 

computer which records impact pressures and controls movement of the plate under nozzles. 

   

Figure 1 Scheme of the impact pressure measurement device (on the left) and picture with two spraying 

nozzles during measurement. 

Examples of obtained results are shown in Figure 2. The difference between these two tests was only in 

spraying distance – 50 mm for results on the left side and 130 mm on the right side. Water pressure was set 

to 5 bar. Results show problem of different spay distances which causes cooling non-homogeneities on a strip 

surface. 

       

   

Figure 2 Example of impact pressure measurement results for two non-homogeneous cooling systems with 

too wide nozzle pitch (on the left) and overlap (on the right) 

Several configurations for various nozzles configurations and sizes are tested. Finally, two or three 

“homogeneous” configurations with different nozzle sizes are chosen for heat transfer tests (Phase 2). 

3. HEAT TRANSFER TESTS (PHASE 2) 

Second stage of a cooling section designing process is focused on heat transfer tests. These tests are done 

to characterize cooling intensity of preliminary designed system and for verification of a cooling homogeneity. 

HeatLab developed two experimental devices used for measurement of a heat transfer coefficient on a 

horizontally (Figure 3 - linear stand) and vertically (Figure 4) moving plates.  
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Linear test bench is composed of 7 meters long rotatable girder with a trolley. An experimental plate is made 

of high temperature resistant austenite stainless steel sheet with maximal thickness of 2 mm. Thermocouples 

are welded on the rear side of the sheet. This side is insulated. The experimental sheet is surrounded by 

extended sheet which is not heated during experiment. Dimensions of the sheet are 320 x 300 mm. Total 

dimensions with surrounding sheets are 850 x 550 mm.  

   

Figure 3 Linear stand scheme (on the left) and picture of running experiment on horizontally moving plate 

Vertical stand is similar to the linear stand but the experimental plate is oriented (moving) vertically.  

Experiment procedure is similar for both stands. Experimental sheet is heated to the initial temperature in inert 

atmosphere. The water pump is switched on and a heater is removed. Experimental sheet is then moved with 

required velocity through a cooling zone reversibly until it is cooled to required temperature (usually lower than 

100°C). Maximal movement velocities are 10 ms-1 for linear stand and 5 ms-1 for vertical stand. Temperatures 

and position information are recorded by data-logger with frequency of 320 Hz. Data are downloaded to a 

computer and evaluated. 

     

Figure 4 Scheme of the vertical stand (on the left), picture of the experimental sheet in the cooling zone (in 

the center) and experimental sheet right after heating (on the right) 

   
Figure 5 Example of a heat transfer coefficient dependence on the surface temperature and position, 

3D view on the left and top view on the right, cooling zone scheme is on the left side 
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Various types of nozzles and configurations (configurations chosen during impact tests), water pressures, 

movement velocity are examples of tested parameters. Heat transfer coefficient dependence on the position 

and surface temperature are obtained from these tests using inverse task (Figure 5). Detail information about 

inverse task could be found in [11-15]. Cooling intensity and homogeneity is evaluated by comparison of 

obtained heat transfer coefficient dependences on the surface temperature for selected position interval.  

Cooling homogeneity comparison examples are shown in Figure 6. Thermal sensors were positioned in line 

in nozzle axis and between. Heat transfer coefficients are almost identical for homogeneous cooling (on the 

left). Plate surface was recorded by video camera under the cooling zone. The surface picture after a pass 

through cooling zone is shown in corresponding graph (Figure 6). Tigers are clearly visible in the right picture 

where non-homogeneous cooling is presented. 

   

Figure 6 Example of homogeneous (left graph) and non-homogeneous cooling system (right graph) with a 

corresponding sheet surface picture. Thermocouples were positioned in areas in nozzle axis (under nozzle) 

and between 

Cooling intensity is very important parameter in cooling section development process. Figure 7 and Figure 8 

shows influence of several parameters on the cooling intensity – heat transfer coefficient increases with 

increasing of water pressure (flow rate). It is quite clear. Interesting are results shown in Figure 7 on the right 

[16]. There were tested various water impact angles (water knife). The highest heat transfer coefficient was 

found for impact angle of 30°. Other very interesting result is in shift of a Leidenfrost temperature for cooling 

with different water temperatures (Figure 8 on the left) [17 and 18]. Other parameter could be different surface 

roughness. Polished, brushed and standard surfaces were tested. The small difference in surface roughness 

(Ra) did not influence the heat transfer coefficient significantly (Figure 8 on the right). The final design of a 

cooling zone could be defined. 

   

Figure 7 Heat transfer coefficient dependence on the surface temperature, influence of the water pressure 

on HTC and water impact angle [16] 
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Figure 8 Example of dependence of the water temperature (left picture) [17] and surface roughness (on the 

right) on the cooling intensity 

4. VERIFICATION OF THE SIMULATIONS IN LABORATORY CONDITIONS (PHASE 3) 

Last stage of this project could be verification of the cooling regime when the cooling length is higher than 2 m. 

HeatLab developed an experimental device termed Carousel (Figure 9). A linear movement of a real product 

(in steel mill) is converted to the rotation movement. Testing device is compound of a heater, rotating arm 

holding the sample, and cooling section, which enables spraying with two different nozzle sizes (hard cooling 

and soft cooling). An experiment starts with heating of the real material sample to the initial temperature higher 

than AC3. Then this temperature is hold for required time in inert atmosphere. Afterwards the heater is opened 

and the sample is moved to the cooling position. The rotation velocity is set. Pneumatically driven deflector is 

removed and the water sprays on the sample surface. Two nozzle sizes could be used during this experiment. 

Bigger size nozzles simulating hard cooling and smaller size nozzles simulating soft cooling. Appropriate 

cooling regime is defined by simulations using boundary conditions obtained in previous phases. 

 

Figure 9 Scheme of Carousel stand 

 

Figure 10 Differences between predicted and measured flow rates which are necessary to cool down the 

strip for various cooling sections (on the left) and picture of the strip after annealing [19] 
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The Fives stein company designed new cooling section for heat treatment of stainless steel sheets [19]. They 

used boundary conditions (HTC dependence on the surface temperature) to size and produce its cooling 

section for stainless steel annealing. Fives Stein has made a measurements campaign on an industrial plant 

to compare laboratory measurements and plant measurements. It appeared that these measurements are in 

good agreement (Figure 10 – comparison of predicted and needed water flow rate for 6 cooling regimes). 

4. CONCLUSION 

Heat transfer and fluid flow laboratory developed methodology to safely design cooling section which fulfill 

customer requirements. The methodology is divided to three main phases. This process starts with 

measurement of nozzles impact pressure for preliminary designed cooling zones. These tests are focused on 

the cooling homogeneity for various nozzle sizes and arrangement. Several parameters are tested during 

second phase (water pressure/flow rate, spray distance, nozzle size, water temperature, nozzle configuration 

etc.) Cooling capability and homogeneity are investigated and final design of a cooling zone could be done. 

Last stage is focused on verification of the real process. The Carousel stand is used. A linear movement of 

real product (in steel mill) is converted to the rotation movement. Two cooling regimes could be simulated 

during one test – hard and soft cooling. Fives Stein built new cooling section of stainless steel sheets in plant 

mill and they did their own measurements. They were in a good agreement with laboratory measurements. 

Results included in this paper (examples) shows interesting conclusions. Impact tests showed sensitivity of 

the cooling homogeneity on spray distance and nozzle configuration. Heat transfer tests showed quite clear 

increasing heat transfer coefficient with increasing water pressure. Interesting results was found also for 

different water temperature when the Leidenfrost temperature decreases with increasing water temperature. 

Surface roughness did not influenced the cooling intensity but maximal roughness was Ra = 0.6 µm.  
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