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ABSTRACT 

 
The present paper studies the behaviour of metal profiles during different 
cooling configurations through finite element models. These models include 
the contact with the supporting table and the effect of the weight of the beam. 
The analysis presented provides a computational technique for predicting the 
residual stress and deflection of metal profiles within acceptable accuracy. 
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1. Introduction 

We present the development of a Finite Element Model (FEM) for the cooling of HE- beams. 
These profiles have constant cross-sectional geometries but different parts of the cross-
sections have different thickness. Such asymmetries lead to non-uniform cooling.  In addition, 
accelerated cooling systems (as water sprayed lines) contribute to the non-uniform cooling 
and, as a result, to the development of thermal stresses, which may be higher than the yield 
stress of the material at high temperatures. The situation leads to bending of the beam and 
development of residual stresses. In some cases, the thermal deflections are larger than the 
maximum opening of the roller straightener (which is a process that follows the cooling of the 
profiles) and the deflected beam cannot be straightened. Then, to facilitate the straightening 
process (i.e. to reduce process time and costs) and improve product quality, reduction of the 
thermal bending is very important. The FEM model created here could make possible the 
study of superficial and internal (cross section) temperatures and stresses during the cooling 
of the beams, helping the design of cooling strategies to reduce bending and residual stresses. 
The software selected for the simulation was ABAQUS®. ABAQUS® is a powerful tool that 
has the capability for coupled and decoupling mechanical and thermal solving problem.  
 
Notation

c specific heat [J/kg ºC] 
E   elastic modulus [Pa] 
em emisivity 
g acceleration due to gravity = 9,81 m/s2 
hf film heat transfer coefficient [W/m2 ºC] 
k  thermal conductivity [W/m ºC] 

 coefficient of linear thermal expansion [ºC-1] 
 density [Kg/m3] 
  Poisson’s ratio  



y  yield stress [Pa] 
S-B Stefan-Boltzmann constant = 0.567e-8 W/m2K4  
W flow rate of cooling water [m3/(s m2)] 

 
2. Problem Definition 

2.1. Section simulated 

We have simulated the cooling of the HEA450 profile, in still air and, subsequently, in the 
presence of water spray lines on the cooling bed. The FEM model obtained could be easily 
adapted to other beam sections.  
 

 
 

Figure 1. HEA450 dimensions and ABAQUS’s part. 

2.2. Mechanical and Thermal Properties 

The material thermal and mechanical properties considered for the simulation are presented in 
the next table. 
 

Table 1. HEA450 material mechanical-thermal properties. 
Temperature (ºC) 30 200 350 600 850 950 

E (GPa) 210 180 160 140 130 50 
 0,30 0,26 0,23 0,13 0,12 0,12 

y (MPa) 35,0 33,0 28,5 5,5 1,0 0,5 
 (kg/m3) 7850 7850 7850 7850 7850 7850 

 x 10-5 (ºC-1) 1,10 1,15 1,31 1,40 1,50 1,50 
k (W/mºC) 48,1 45,2 38,1 32,7 24,4 16,0 
c (J/kg ºC) 490 540 607 712 830 920 

em 0,8 0,8 0,8 0,8 0,8 0,8 
 

 
 



2.3 The Cooling Bed 
 
After the hot rolling, the rolled products move, through the ingoing roller table (consisting of 
carbon steel rolls, equally spaced), to the cooling bed which is a framework of equally spaced 
carbon steel beams parallel to each other. 
 
Figure 1 presents a diagram of the cooling bed considered. 
 

 
 

Figure 2.Configuration of the Outdoor Walking Beam Cooling Bed considered. 
 
It has an accelerated cooling system based on water spraying on the bottom and top of the 
beams (the flanges’ external surfaces). There are two water cooling lines (represented by the 
blue lines in Figure 2. 
 



The following table resumes the main dimensions and time parameters of the cooling bed. 
 

Table 2. Parameters of the Cooling Bed 
PARAMETER VALUE UNIT 

Total length 38000 mm 
Total width 38000 mm 

Distance between the skids of the fixed beams 1000 mm 
Water Cooling Line I (distance from input) 23000 mm 
Water Cooling Line II (distance from input) 28000 mm 

Input temperature 600-950 ºC 
Output temperature 20-120 ºC 
Cooling total time 46-55 min 

Step width 850 mm 
Time between two steps (idle time) 74 s 

 
 
We can state that the beam is cooled in five phases: 
 

First: the beam is set by the ingoing roller table in the cooling bed, and starts its 
journey along it. For about 30 minutes is cooled only by air.  
Second: the beam reaches the first accelerated cooling system, the Water Line I, 
and is cooled by sprayed water (from below and above) for about 6 minutes.  
Third: the beam leaves the water system and, still wet, moves into the second 
water system, for approximately 2 minutes.  
Fourth: the beam arrives at the Water Cooling Line II, and is cooled again by 
sprayed water (from below and above) for about 6 minutes.  
Fifth: finally, the beam leaves the water system and moves in the still air for 
about 11 minutes, until it reaches the outgoing roller table. 

 
The times periods established here are approximations according to a total cooling time of 55 
minutes. 
 
3. The Fem Models 

The cooling of the HEA450 beam was modelled with ABAQUS/Standard in a sequentially 
coupled thermal-stress analysis. The sequential analysis was used because the 
stress/deformation field in the beam depends on the temperature field in the beam, but the 
temperature field is not significantly affected by the stress/deformation response. The beam 
cooling was possible through heat transfer to the ambient and the water sprayed using 
convection and radiation.  
 
We modelled the beam by a FEM with elements C3D8T (an 8-node thermally coupled brick, 
trilinear displacement and temperature). The mesh of the cross section is shown in Figure 3. 
The element length in beam direction was established in 100mm. 
 



 
Figure 3. Beam HEA450 FEM mesh 

 
The beam length modelled was 8 m, and it was supported by nine bars, separated 1m from 
each other (Figure 4). It is important to point out that the model obtained can be easily 
adapted to a longer or shorter beam. We use this length because it is long enough to represent 
the different thermal and mechanical situation along the beam and at the same time it is still 
computationally efficient.  
 
The supports were simulated as analytical rigid extruded shell with dimension: 0,15m width x 
2m length x 0,02m height. The contact pair beam-supports was simulated with a Coulomb 
friction coefficient of 0,1. We have also included the effect of gravity forces over the beam 
(9,81 m/s2).  
 

 
Figure 4. Cooling bed FEM. Beam mesh. 

 



We assumed the following values for the simulation: 
 

Input beam temperature: 950 ºC 
Ambient temperature: 20 ºC. 
Stefan-Boltzmann radiation constant: 5,6697e-8 W/m2K4 [Basu et. al, 2004].  
The film coefficient (h), representing the convection, was modelled by the 
function showed in Figure 5 for the different phases of the cooling bed (values 
based in [Basu et. al, 2004]). At the beginning (Phase 1) the beam is cooled only 
by air, with a low film coefficient (6,5 W/m2ºC). Next, the water from the Water 
Line I start to fall over the beam surface, until it reaches to a maximum (when the 
beam is behind the Water Line I), represented by a film coefficient of 800 W/m2ºC 
(Phase 2). After some minutes the beam moves away from the first water line and 
the h decreases, until the beam starts to approximate to the second water line 
(Phase 3), when the pattern is repeated (Phase 4 and 5). 

 
 

Figure 5. Film coefficient between the beam and surroundings 

As it is logical, the water is sprayed first at the front part of the flange (line “a”, in 
Figure 6), and then, as the beam moves forwards to the water line, the water 
reaches the back part of the flange surface (line “b”). This is represented by 
repeating the same h function at the back line of the beam (b). In between, the h is 
interpolated linearly, as can be seen in the same figure (Figure 6).  



 
Figure 6. Film coefficient at the flange surface as a function of time (t) and x dimension.  

“td” is the delay time between the arrival of the h function from line “a” to line “b”. See annex 1 fro details. 
 
 

Similarly, for the rest of the beam surface (web, roots and rest of flange’s surfaces) 
the film coefficient increases when the beam moves forward the Water Lines I or 
II, and decreases when it moves away from them. 

4. Results 

In this section we present the results obtained from the thermal and stress/displacement 
simulations.  
 
Temperature history during cooling is shown in the next page (Figure 7). Point 1 represents 
the center of the flange surface (TF 1), point 2 represents the center of the web surface (TW 2) 
and point 3 represents the root surface (TR 3). These results are compared with experimental 
values (TF 1E, TW 2E, TR 3E). 
 
It can be seen from Figure 7, that the temperature history obtained from the simulation is very 
similar to the obtained in the experimental test. The simulation presents similar cooling rates 
and temperature values. 
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We can see that during Phase 1 and at the beginning of Phase 2, the web (2) cools down faster 
than the rest of the beam points, followed by the root (3) and the flange (1).  In Phase 2 the 
temperatures approach each others. In Phase 3 and 4 the web cools down slower than the root 
and flange. And finally, at the end of Phase 5, all temperatures seem to balance (towards the 
ambient temperature). 
 
Figure 8 shows the temperature profile of the beam middle cross-section, at the end of the 
cooling bed (time: 55 min  3300 s). The temperature profile is very similar along the beam at 
this final time. 
 
 

 
 

Figure 8. Beam center temperature contour plot at final time 55 min.. 
 
The flange extremes are the last to cool down, followed by the roots and the web. 
 
However, there are several environmental variables, such as wind speed, ambient temperature, 
film coefficient of possible “double-face fluid” (water in contact to the hot beam), which have 
to be modelled in order to improve the simulation. This will be accomplished in the near 
future using CFD simulation, in particular, using FLUENT software. To achieve this, is 
necessary to count with more experimental tests, including data from the surroundings 
conditions (wind speed, ambient temperature, beams configuration on the cooling bed, etc). 
 
During Phase 1 the beam cools down symmetrically (Figure 9).  
 
 



 
Figure 9. Beam temperature contour plot at final time of Phase 1 (1772 s). 

 
 
Nevertheless, when it moves near the Water Line I (at time 1776 s) and, further, the Water 
Line II (at time 2220s), the beam cools down asymmetrically. The front part of the beam 
cools down faster than the rest of the beam, as we can see in Figure 10: temperature contour 
plot at time 1895s (beam starts receiving water from Water Line I). 
 
 

 
 

Figure 10. Beam temperature contour plot at the beginning part of Phase 2 (1895 s). 
 
 
In the next figure we can see how the beam is cooled uniformly again, when it is located 
under WL I (t= 2070s).  



 
 

Figure 11. Beam temperature contour plot, at Phase 2, at time 2070 s. 
 
In Figure 12 the beam’s temperature contour plot at the beginning part of the Phase 3 is 
presented. As in Figure 10, the beam’s front part present a lower temperature compared to the 
rest of the beam, but now the differences are smaller.  
 

 
 

Figure 12. Beam temperature contour plot, at the beginning part of Phase 4, at time 2272 s. 
 



 
 

Figure 13. Beam temperature contour plot at the end of Phase 5, at time 55 min (3300 s). 
 
This situations, added to the differences in thickness of beam HEA450 section, leads to the 
bending of the beam in the xz plane. 
 
We define the beam camber as in Figure 14. The positive camber corresponds with the beam 
moving direction on the cooling bed. 
 
 

 
 

Figure 14. Definition of beam camber. 
 
 
 



In Figure 15 the bending evolution of the beam obtained from the FEM, in the xz plane, is 
presented. 

 
Figure 15. History of beam camber and, as a reference, flange center node temperature evolution (TF 1) 

 
It can be seen that when the beam reaches the Water Line I (WLI) it starts to bend in the x 
positive direction. This can be explained because of the contraction of the beam’s front part, 
which reaches first the water sprayed (see Figure 10). The bend reaches its maximum, equal 
to 6,15 mm, at t=1895 s (31,6 min). Then, at time 2070 s (34,5 min), the entire beam is under 
WL I and the beam cools down uniformly (see Figure 11). As a result the beam gets straight 
again (camber = 0 mm). Immediately, as the beam moves towards the beginning part of Phase 
3, it starts to comb in the negative direction, because the back part of the beam cools down 
faster than the front part, and contracts the beam in that direction. Under WL II the 
temperature difference is reduced. In the end, at the final time 3300 s (55 min) the beam 
reaches a bending of -8,6 mm, and the tendency is a bend of -9,5 mm, reached at 5000 s (83 
min). This bending evolution has to be confirmed with experimental tests.  
 
The stress evolution of points (flange, web and root) studied before is presented in the next 
figures. 
 
Flange center (F-1) principal component stresses (S11, S22 and S33) along the time are 
depicted in Figure 16.  
 
 



 
 

Figure 16. Stress principal components history of flange center node (F-1) 
 
Comparing the three stress components (S11, S22 and S33), the longitudinal stress (S33) is 
the dominant stress in this process, with values more significant than the rest of the 
components (S11 and S22). Therefore, we will focus the analysis on the longitudinal stresses, 
S33. 
 
In the next figures we show the longitudinal stress (S33), the temperatures (T) and the yield 
stress (Sy or y) of the Flange (F-1), Web (W-2) and Root (R-3) points. 
 

 
Figure 17. S33, Sy and TF-1, of flange center node. 



 
In Figure 17 (flange behaviour), the S33 exceed the yield stress at 1895 s, when the beam 
present the maximum positive bending (Figure 15). And also Sy is exceeded at 1951 s, when 
the beam is under Water Line I.  
 

 
 

Figure 18. S33, Sy and TW-2, of web center node. 
 
In Figure 18 (web behaviour), the Sy is exceeded twice: at 2070 s, when the beam gets 
straight again; and at 2360 s when it starts to comb in the negative direction. 
 
We can observe that there are several situations in which the longitudinal stress (S33) is 
higher than the yield stress (Sy). This leads to plastic deformation, and the subsequent partial 
(elastic) and permanent (plastic) bending of the beam.   
 
All these results have to be verified by experimental test. 
 
The longitudinal residual stress (S33) of the beam after cooling (time 55 min) is depicted in 
the following figure. 
  
 



 
Figure 19. Beam “front part” residual stresses contour plot [Pa]. At time 55 min 

 
The beam residual stresses vary depending on the side (“front” or “back” side), causing the 
permanent bending (-8,6 mm). And it also varies from edge to center. The higher stresses are 
located at the beam center, with tensile stresses at the web and compressive stresses at the 
flange extremes. 
 
The unstraightened beam has tensile residual stresses at the web and roots (with a maximum 
of +43,47 MPa at the web and 29,78 MPa at the roots); and tensile residual stresses at the 
flange extremes -38,66 MPa. However, we have to verify these results with experimental 
tests. 
 
In the next figure there is a perspective view, in which one can perceives the final bending of 
the beam (time: 55 min). 

 

 
Figure 20. View of the final bending of the beam (at time= 55 min). 



5. Conclusions 
 
We have presented a Finite Element Model (FEM) representative of the cooling of the beam 
in the cooling bed. The temperature profiles obtained through the model are in concordance 
with the experimental tests and results showed in literature. Nevertheless, we have to verify 
the bending results and the residual stresses with experimental values. In addition, we have to 
complete the study of the beam cooling with CFD (Computational Fluid Dynamics) 
simulations, including wind speed, ambient temperature variation, film coefficient of possible 
“double-face fluid”, in order to obtain a more realistic representation of the cooling bed. 
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