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Highlights 13 

 The effect of different hole structures on roll profile control ability is studied. 14 

 The effect of slot on roundness and roll profile control ability in the RPECT is 15 

analysed. 16 

 The configuration method of hole and slot in the RPECT is proposed. 17 

 18 

Abstract 19 

Roll profile electromagnetic control technology (RPECT) is a strip flatness control 20 

technology based on the flexible control of roll profiles. As the core component, 21 

electromagnetic sticks can bulge with the induction heating of induction coils. To 22 

ensure the integrity of the coil circuit, the surfaces of the electromagnetic sticks need to 23 

be provided with slots. Moreover, the inner hole of the electromagnetic control roll is 24 

also needed to install the electromagnetic stick in the roll. The structures of the inner 25 

hole and slots affect the local structure of the electromagnetic stick and the 26 
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electromagnetic control roll and then change the roll profile control ability. To research 27 

the radial bulging ability, the roundness of bulging, and the composition between the 28 

thermal crown and force crown under different holes or slots, a finite element model of 29 

circumferential RPECT is established by using the finite element software MARC. 30 

After analysis, the results showed that the radial bulging ability and the roundness under 31 

the influence of the roll radius were larger than those under the influences of the slot 32 

radius and slot amount, and the composition characteristics of the comprehensive roll 33 

profile were different under different conditions. Therefore, to achieve accurate roll 34 

profile control, the influences of the structures of holes and slots need to be included in 35 

the RPECT index. 36 

 37 

Keywords: Roll profile electromagnetic control technology, hole structure, slot structure, 38 

thermal-force roll profile control ability, electromagnetic stick 39 

 40 

1. Introduction 41 

Roll profile electromagnetic control technology (RPECT) is a new strip flatness 42 

control technology based on the roll profile flexible control method. By the bulging 43 

mechanism of the electromagnetic stick (ES) and the internal restraint mechanism of 44 

the electromagnetic control roll (ECR), the roll profile of the ECR can be controlled to 45 

form a new roll profile with shape control ability. In the control process, the 46 

multisegment structure of the ES can be powered by coils of different sections and 47 

generate the target roll profile in the corresponding section of the coils to adjust the 48 

high-order strip flatness and local strip flatness. Regarding RPECT, researchers have 49 

studied this technology and formed a series of research results. Feng et al. [1] proposed 50 

a large-size sleeved backup roll based on RPECT and analysed the characteristics of 51 

this roll. By researching the induction heating efficiency, energy conversion ability and 52 

roll profile, Liu et al. [2, 3] designed the structure of an ES with high control 53 

performance and built an ECR with five control regions based on a φ560 × 2180-mm 54 

roll. Du et al. [4] relied on the principle of RPECT and the new roll profile test 55 



technology and designed and built a roll profile electromagnetic control experimental 56 

platform (RPECEP) that has the ability to test RPECT experimentally. Based on the 57 

relationship between the material hardness and elastic modulus, Wang et al. [5] 58 

established the FE model of a heterogeneous electromagnetic control roll and proposed 59 

the influence of heterogeneity on the characteristics of RPECT. The above studies are 60 

the basis of RPECT and promote the development of this technology. However, these 61 

studies did not involve the influence of the winding space of coils on the roll profile 62 

control ability. In RPECT, the structure of the ES includes the induction zone and 63 

contact zone, as shown in Fig. 1. The induction zone can be used to wind the coils, and 64 

the contact zone can be used for thermal bulging. To build a closed circuit between the 65 

coils and the external power supply, the surface of the contact zone needs to be provided 66 

with slots for laying coil wires. The number of slots is twice that of the induction zones 67 

to ensure the current input and output. The space of the slots can change the local 68 

structure of the ES and then affect the electromagnetic control roll profile. 69 

The ES is the core control element of RPECT and provides thermal-force hybrid 70 

drive for roll profile control. Due to the influence of the local structure and local load, 71 

the structure of the slots and the roll inner hole can change the roll profile and affect the 72 

roll profile control ability. Considering that the expected effect of the equipment can be 73 

affected by the local structure, scholars have studied the problems of control abilities 74 

in different equipment. Min Jung Lee et al. [6] analysed the combustion characteristics 75 

of casting filters with porous media and found that the effective emissivity of porous 76 

media was 0.845; therefore, the operational safety of this casting filter was confirmed. 77 

Based on thermochromic liquid crystal (TLC) technology, Li et al. [7] analysed the film 78 

cooling performance on a twist turbine blade under rotation conditions, and the results 79 

showed that the film hole diameter of the leading edge has a significant effect on the 80 

spanwise average film cooling effectiveness. Enke et al. [8] proposed that the lifetime 81 

of axially grooved ammonia heat pipes (HPs) and the HP performance can be affected 82 

by the generation of noncondensable gas (NCG) and revealed how the presence of 83 

different amounts of NCGs distorted the temperature profile of the pipe. Dai et al. [9] 84 

developed a numerical model of the combustion and cooling performance of an aero-85 



engine combustor and analysed the ability to reduce the thermal load of thermal barrier 86 

coatings when the cooling holes are cylindrical holes, conical holes, fan-shaped holes 87 

or console holes. Xu et al. [10] compared and analysed the film cooling characteristics 88 

with two structures of slots in a perpendicular cross-flow channel and found that the 89 

film cooling effectiveness of slot-sectional diffusion holes is far superior to that of fan-90 

shaped holes. This type of research focuses on the specific analysis object, considering 91 

the local characteristics to analyse the impact of local characteristics on the overall 92 

performance. For this reason, this paper mainly studies the problem of the roll profile 93 

control ability and thermal-force hybrid driving ability under different slot structures of 94 

the ES and different roll inner holes. 95 

In view of the crucial influence of the local structure of RPECT on the control 96 

ability of the ECR and thermal force hybrid driving ability, this paper compared and 97 

studied the roundness of the ECR, radial bulging ability of the ECR, stress field of the 98 

ECR and temperature field of the ECR under different roll radii, different slot radii and 99 

different slot amounts and discussed the thermal crown and force crown of different 100 

cases. 101 

 102 

Fig. 1 The structure of the ES and the cross-section of the ES with induction coils 103 

2. Model establishment and verification 104 

2.1. Model establishment 105 

According to the literature [2], the FE model of RPECT includes electromagnetic 106 

field simulation and thermal field simulation, and the relationship between them is 107 



nonlinear coupling. The FE model includes the ECR, ES, induction coils and air. Based 108 

on the theory of electromagnetics and thermodynamics, an electromagnetic-thermal-109 

mechanical coupled axisymmetric model has been built by the software MARC in the 110 

literature [2-5], as shown in Fig. 2. This model has a high degree of consistency and a 111 

small deviation, while the results of the experiment and simulation have been verified 112 

in a roll profile electromagnetic control experimental platform. In the bulging process 113 

of the ES, heat is generated in the induction zone of the ES when the induction coils are 114 

electrified, and then, heat is transmitted to the contact zone of the ES to control the roll 115 

profile. The above model can simulate the temperature field of the contact zone and 116 

meet the needs of this study. 117 

ECR Induction coil ES

Local enlarged 

view
 118 

Fig. 2. The electromagnetic-thermal-mechanical coupled axisymmetric model of 119 

RPECT 120 

 To study the influence of the slot structure on the roll profile control ability, a FE 121 

model of circumferential RPECT is established in this paper. The analysis object of this 122 

model is the slicing model of the ECR. The model includes the ECR with the ECR inner 123 

hole, ES with slots and air, as shown in Fig. 3.  124 



Air

ECR

ES

 125 

Fig. 3. The FE model of circumferential of RPECT 126 

Considering that the bulging power of RPECT is the thermal bulging of the contact 127 

zone of the ES, the heat driving the bulging of the ES is sourced from the induction 128 

zone of the ES, and the core zone of the ES is the connected area between the induction 129 

zone and the contact zone, as shown in Fig. 4. Therefore, the core zone of the ES can 130 

be selected as the thermal boundary of driving bulging to study the circumferential 131 

bulging of RPECT in this model. Since the heat transfer inside the ECR has little effect 132 

on the temperature field of the core zone of the ES, the temperature variation of the 133 

thermal boundary can be derived from the electromagnetic-thermal-mechanical 134 

coupled axisymmetric model with the same size. 135 

Induction zone Contact zone Direction of heat flow Radial section of ES  136 

Fig. 4. The connection diagram of ES zones 137 

In the process of FE calculation, the frequency is 400 Hz, the current density of 138 

the sour is 3 A/mm2, and the contact heat transfer coefficient h1 is 3 kW/(m2·K) between 139 



the ES and ECR. The selected range of the roll radius is from 80 mm to 250 mm, the 140 

selected range of the slot radius is from 2.5 mm to 7.5 mm, and the selected range of 141 

the slot amount is from 4 to 8. Among them, the basic condition parameters of the hole 142 

structure and slot structure are as follows: the roll radius is 135 mm, the slot radius is 3 143 

mm, and the slot amount is 4. According to research in the literature [11], the optimum 144 

heat transfer coefficient h2 is 1 kW/(m2·K) between the ECR and air. The radiation heat 145 

transfer is small enough to be ignored. The original temperature is 30 ℃. The material 146 

of the ECR and ES is #45 steel. The thermal properties are shown in Fig. 5. The region 147 

within the 25-mm diameter in the core zone of the ES is the thermal boundary of the 148 

model, and the temperature variation with the control time can be calculated in the 149 

electromagnetic-thermal-mechanical coupled axisymmetric model. The temperature 150 

variation can be shown in Fig. 6. 151 
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Fig. 5. The thermal properties of #45 steel 153 
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Fig. 6. Temperature variation in the core zone of the ES and the temperature control 155 

point 156 

 157 

2.2. Model verification 158 

In this paper, a roll profile electromagnetic control experimental platform is 159 

modified to measure circumferential bulging at different centre angles, as shown in Fig. 160 

7. According to Formula 1, the radial bulging amount of the ECR can be calculated by 161 

the strain value of the foil gauge and the original length of the foil gauge: 162 ∆𝑅 = 𝑙+𝜀𝑙𝜃+∆𝜃 ∙ 𝑅                                                      (1) 163 

where ∆𝑅 is the radial bulging amount of the ECR, R is the original radius of the ECR, 164 

l is the original length of the foil gauge, 𝜀 is the strain value of the foil gauge, 𝜃 is 165 

the angle of the centre of the circle corresponding to the length of the foil gauge and 166 ∆𝜃 is the angle variation of the centre of the circle. Compared with the value of 𝜃, the 167 

value of ∆𝜃 is small and can be ignored in Formula 1. 168 



Foil gauge

ECR

Acquisition channelDynamic acquisition system  169 

Fig. 7. The modified roll profile electromagnetic control experimental platform  170 

The experimental conditions were as follows: the control frequency is 400 Hz, the 171 

control current is 90 A, the ambient temperature is 17 ℃, the maximum temperature of 172 

the temperature control point is 130 ℃, the structure of ES is the segmented 173 

electromagnetic stick, and the cooling intensity of the roll surface is 0 kW/(m2·K). Fig. 174 

8 is the average radial bulging profile in experiment and simulation. In the first stage 175 

of Fig. 8, the difference between the experimental results and the simulation results can 176 

be seen. The reason is that the contact between the inner hole of ECR and the ES is 177 

insufficient in this stage, and the phenomenon of magnetic flux leakage appears, leading 178 

that the actual effect is lower than the simulated effect. With the control of roll profile, 179 

the ES bulges and contacts closely with ECR, the magnetic flux leakage phenomenon 180 

disappears, and the regulation effect gradually achieves the expected effect. 181 

As a whole, the experimental results and the simulation results show a higher 182 

degree of consistency, and the deviation is small. Therefore, the FE model of 183 

circumferential of RPECT can be used for researching the problem of RPECT, and the 184 

results are credible. 185 
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Fig. 8. The variation of average radial bulging in experiment and simulation 187 

 188 

3. Results and Discussion 189 

3.1. The influence of the roll radius 190 

To study the influence of the roll radius on the roll profile control ability, the 191 

roundness and variation of the radial bulging of the ECR under different roll radii are 192 

shown in Fig. 9. In the control process, the roll profile can gradually achieve the control 193 

goal as the thermal and force complex mechanism reaches a stable status. Therefore, 194 

research on the roll profile control ability needs to be carried out at the stable status of 195 

RPECT. In this paper, the stable status of all the cases is 300 s, and the graphic data are 196 

collected at the stable status. The result of Fig. 9 (a) shows that the variation in the 197 

roundness can be considered as two stages. In the first stage, the roundness decreases 198 

gradually with increasing roll radius, and the relationship between the roundness and 199 

roll radius can be considered an approximately linear correlation. In the second stage, 200 

when the roll radius exceeds 170 mm, the roundness does not decrease and gradually 201 

stabilizes at 0.04 μm. Different from the variation in roundness, the radial bulging value 202 

continues to decrease as the roll radius increases, as shown in Fig. 9 (b). It should be 203 

noted that there is a platform of radial deformation in the roll radius range of 100 mm 204 

to 140 mm, and the radial bulging value does not decrease with the increase of the roll 205 

radius in this platform. 206 
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Fig. 9. Status of ECR bulging under different roll radii: (a) roundness and (b) variation 208 

in radial bulging. 209 

Considering that the roll profile of RPECT is composed of a force contribution of 210 

the roll profile and a thermal contribution of the roll profile, further analysis of the stress 211 

field and the temperature field is needed for a causal analysis of this radial bulging 212 

platform. Fig. 10 shows the stable stress status of the ECR with different roll radii. The 213 

result shows that the circumferential distribution of stress is asymmetric when the roll 214 

radius is small. In Fig. 10, the circumferential uniformity of stress in the case with a 215 

100-mm roll radius is the worst, and its stress field can be described as a quadrilateral 216 

distribution corresponding to four slots of the ES. When the roll radius is increased to 217 

135 mm, the maximum stress of the roll surface among the cases appears, and the 218 

difference in stress between the roll surface and the roll inner hole wall is much smaller 219 

than those in the other cases. Meanwhile, the circumferential uniformity of stress is 220 

obviously improved compared with Fig. 10 (a). In Fig. 10 (c), the stress of the roll 221 

surface decreases, but the circumferential uniformity of the stress increases. In the 222 

control process, the stress field near the roll inner hole has a quadrilateral distribution 223 

and that far away from the hole has a circular distribution. With increasing roll radius, 224 

the scale of the quadrilateral distribution area decreases, while that of the circular 225 

distribution area increases. Meanwhile, the variation of the roll radius can lead to the 226 

different variation of stress between the roll surface and the roll inner hole wall, 227 

resulting in the change in the thermal and force complex mechanism. 228 
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Fig. 10. Stress field of the ECR with different roll radii: (a) 100 mm; (b) 135 mm; and 230 

(c) 150 mm. 231 

Fig. 11 shows the temperature field of the ECR with different roll radii from 100 232 

mm to 150 mm. The result shows that the increase in the roll radius has a nonlinear 233 

influence on the temperature distribution of the ECR. Compared with Fig. 11 (a) and 234 

Fig. 11 (b), the roll surface temperature of the ECR with a 100-mm roll radius is 62 ℃, 235 

while that of the ECR with a 135-mm roll radius is 38 ℃. Due to the increase in the 236 

roll radius, the distance between the heat source and the roll surface decreases, which 237 

results in a decrease in the roll surface temperature. Compared with Fig. 11 (b) and Fig. 238 

11 (c), when the roll radius increases to 135 mm, the roll surface temperatures of the 239 

ECR have little difference in different cases, and the scale of the temperature field of 240 

the ECR is decreased. 241 
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Fig. 11. Temperature field of ECR with different roll radii: (a) 100 mm; (b) 135 mm; 243 

and (c) 150 mm. 244 



To analyse the roll profile control ability, it is necessary to further analyse the 245 

variation of the force crown and thermal crown under the influence of the roll radius. 246 

The force crown and the thermal crown under the stable status of RPECT are shown in 247 

Fig. 12. When the roll radius range is from 100 mm to 135 mm, the difference in the 248 

thermal crown is small, and the force crown decreases with increasing roll radius. When 249 

the roll radius is more than 135 mm and less than 150 mm, the thermal crown is 250 

decreased, and the force crown is increased with increasing roll radius. Combined with 251 

the results of Fig. 9 (b), when the roll radius is greater than 100 mm and less than 150 252 

mm, the change in the thermal crown is basically equal to that of the force crown, 253 

leading to mutual compensation between the thermal crown and force crown. The 254 

dynamic compensation makes the comprehensive crown change little at this time, and 255 

the curve has a plateau stage. 256 
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Fig. 12. Thermal crown variation and force crown variation under different roll radii 258 

According to the above results, when the range of the roll radius is from 100 mm 259 

to 150 mm, the root cause of the dynamic compensation is that the effect of the 260 

temperature field and stress field of the ECR on the roll profile is in dynamic 261 

equilibrium. The stress variation of the ECR is mainly affected by the thermal 262 

expansion mechanism of the ES and the internal restraint mechanism of the ECR, while 263 

the two mechanisms are affected by the temperature fields of the ES and ECR. The 264 



results of Fig. 10 (a) and Fig. 11 (a) show that when the roll radius is small, the distance 265 

between the heat source of the ES and the ECR surface is shortened, the heat transfer 266 

from the roll inner hole to the roll surface is increased, the temperature difference 267 

between the ECR surface and the inner hole is small, the internal restraint mechanism 268 

of RPECT is weakened due to the small roll radius, and the force crown is reduced. The 269 

results of Fig. 10 (b) and Fig. 11 (b) show that the temperature difference between the 270 

inside and outside of the ECR is higher than that of the previous cases, but the internal 271 

constraint mechanism is still weak. At the same time, affected by the increase in the roll 272 

radius, the force bulging ability of the ECR is weakened, and the force crown is smaller 273 

than that of the previous working cases. The results of Fig. 10 (c) and Fig. 11 (c) show 274 

that the internal and external temperature difference of the ECR is larger than that of 275 

the first two cases, the high temperature region is distributed near the roll inner hole, 276 

and the internal restraint mechanism is stronger than that of the first two cases. At this 277 

time, the force crown is still affected by the increase in the roll radius, but overall, the 278 

force crown increases. In addition, because the high-temperature region is smaller than 279 

the first two cases, the thermal crown is also decreased. As the above series of thermal 280 

crowns and force crowns changes, the change in the comprehensive crown is small, and 281 

the curve is relatively stable in this section.  282 

 283 

3.2. The influence of the slot radius 284 

To analyse the influence of the slot radius on the roll profile control ability, the 285 

roundness of the ECR and the variation in radial bulging under different slot radii are 286 

shown in Fig. 13. With increasing slot radius, the difference between the maximum 287 

bulging value and the minimum bulging value can be increased, and the variation in 288 

radial bulging can be decreased. When the slot radius is increased from 2.5 mm to 7.5 289 

mm, the maximum roundness is 0.291 μm, and the corresponding roll bulging value is 290 

46.76 μm. Meanwhile, the minimum roundness is 0.076 μm, and the corresponding roll 291 

bulging value is 59.29 μm. The roll profile control ability and the circumferential 292 

uniformity can be significantly weakened when the slot radius increases. In this process, 293 

the slot with the larger radius can provide more installation space for the induction coil, 294 



indirectly improve the selection range of the coil cross-sectional area and expand the 295 

adjustable range of current. 296 
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Fig. 13. Status of ECR bulging under different slot radii: (a) roundness and (b) variation 298 

in radial bulging. 299 

To further analyse the reason for the variation in radial bulging, the internal stress 300 

fields of the ECR under different slot radii are extracted, as shown in Fig. 14. With 301 

increasing slot radius, the scale of the stress field of the ECR can be continuously 302 

decreased, the maximum stress value decreases, and the stress field near the roll inner 303 

hole begins to show a quadrilateral distribution. The cause of this phenomenon is that 304 

the contact area of the ES can be reduced while the slot is expanded, and the distribution 305 

of contact pressure between the ES and ECR begins to exhibit the cam effect. The larger 306 

the hole radius is, the more obvious the cam effect is. Even when the slot radius is 7.5 307 

mm, the internal stress field of the ECR shows a symmetrical stress field controlled by 308 

four bulging regions, and the asymmetry of the stress field is intensified. 309 
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Fig. 14. Stress status of the ECR under different slot radii: (a) slot radius of 2.5 mm, (b) 311 

slot radius of 3 mm, (c) slot radius of 5 mm, and (d) slot radius of 7.5 mm. 312 

Fig. 15 shows the temperature field of the ECR under different slot radii. The 313 

temperature field of the ECR also has characteristics of circumferential nonuniform 314 

distribution. Compared with the stress field, the sensitivity of the slot radius to the 315 

temperature field is weaker. The reason for this phenomenon lies in the difference 316 

between the thermal contribution roll profile and the force contribution roll profile in 317 

the RPECT. The heat can be transferred in the circumferential direction, but the contact 318 

pressure can only act on the contact surface between the ES and ECR. When the slot 319 

radius is small, the circumferential transmission of heat is not affected by the slot, and 320 

the temperature field cannot be affected by the slot structure of the ES, as shown in Fig. 321 

15 (a) and Fig. 15 (b). However, when the slot radius is large enough, the space occupied 322 

by the slot can block the circumferential heat transfer around the ES, forming four 323 

thermally affected zones with right angle fan shapes, which leads to the difference in 324 

the internal constraint mechanism of RPECT, as shown in Fig. 15 (c) and Fig. 15 (d). 325 
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Fig. 15. Temperature field of the ECR under different slot radii: (a) slot radius of 2.5 327 

mm, (b) slot radius of 3 mm, (c) slot radius of 5 mm, and (d) slot radius of 7.5 mm. 328 

Fig. 16 shows the variation in the thermal crown and the variation in the force 329 

crown with the slot radius. With increasing slot radius, the force crown first increases 330 

and then decreases; the thermal crown first decreases, then tends to be stable and finally 331 

decreases. Combined with the previous analysis, when the slot radius is less than 4 mm, 332 

increasing the slot radius can increase the proportion of the force crown in the 333 

comprehensive roll crown, and the comprehensive roll crown decreases less at this time. 334 

When the slot radius exceeds 4 mm, increasing the slot radius is no longer the method 335 

of increasing the proportion of the force crown and can also cause a decline in the 336 

comprehensive roll crown. 337 
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Fig. 16. Thermal crown variation and force crown variation under different slot radii 339 

In addition to the bulging ability, the stress distribution of the ES with different 340 

slot radii should be analysed due to the local structural change of the ES with the slots. 341 

The stress status of the ES under different slot radii is extracted, as shown in Fig. 17. 342 

The result shows that when the slot radius increases, the internal stress of the ES and 343 

the crush risk of the ES are increased. The high stress region appears around the slots 344 

and in the centre of the ES. When the slot radius is 2.5 mm, 3 mm and 5 mm, the stress 345 

size and the stress field scale in the core of the ES are basically the same, and the stress 346 

field in the core can be regarded as a circular distribution; when the slot radius is 7 mm, 347 

the high stress area of the ES can connect the core of the ES and the area around the 348 

slot and form the maximum stress around the slot. At this time, the roll profile control 349 

ability of the ES is decreased, and the roundness value is increased, which is not 350 

conducive to achieving the goal of roll profile control. 351 
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Fig. 17. Stress field of the ES under different slot radii: (a) slot radius of 2.5 mm, (b) 353 

slot radius of 3 mm, (c) slot radius of 5 mm, and (d) slot radius of 7.5 mm. 354 

 355 

3.3. The influence of the slot amount 356 

According to the above study, electromagnetic sticks with 2.5-mm, 3-mm and 5-357 

mm holes are selected to study the influence of the slot amount on the roll profile control 358 

ability. Fig. 18 shows the roundness of the ECR and the variation in radial bulging under 359 

different slot amounts. The roundness of the ECR and the variation in radial bulging 360 

can decrease with increasing slot amount, and the decreasing trend is more obvious 361 

when the hole radius is larger. This shows the improvement of circumferential 362 

uniformity and the decrease of the roll profile control ability after electromagnetic 363 

control roll bulging. When the slot amount is 4, the regularity of the roundness and the 364 

radial bulging variation is the same as the previous analysis; when the slot amount 365 

increases, the roundness value of the ECR with a 3-mm hole is less than that of the ECR 366 

with a 2.5-mm hole, and the reduction of the radial bulging value of the ECR with a 3 367 

mm hole is less than that of the ECR with a 5-mm hole. Meanwhile, the results in Fig. 368 

18 (b) show that the ECR with a 3-mm hole has a better radial bulging ability than the 369 

ECR with a 5-mm hole when the slot amount is arbitrary. Therefore, it can be 370 

considered to use the reasonable configuration strategy of the hole radius and slot 371 



amount to reduce the roundness of the ECR while ensuring that the roll has the control 372 

ability required by strip flatness control. 373 

4 5 6 7 8

0.00

0.05

0.10

0.15

0.20

Ro
un

dn
es

s/μ
m

Slot amount

 Rh=2.5 mm

 Rh=3.0 mm

 Rh=5.0 mm

a

4 5 6 7 8

50

52

54

56

58

60

V
ar

ia
tio

n 
of

 ra
di

al
 b

ul
gi

ng
/μ

m
Slot amount

 Rh= 2.5 mm

 Rh= 3.0 mm

 Rh= 5.0 mm

b

 374 

Fig. 18. Status of ECR bulging under different slot amounts: (a) roundness and (b) 375 

variation in radial bulging. 376 

Fig. 19 shows the stress status of the ECR under different slot amounts and hole 377 

radii. With increasing slot amounts, the stress field around the roll inner hole can be 378 

described as a polygonal distribution. The side number of this polygonal corresponds 379 

to the slot amount. In addition, the heterogeneity of the stress distribution can be 380 

enhanced with increasing hole radius, which increases the heterogeneity of the force 381 

contribution of the roll profile. When the slot amount and hole radius are large, a large 382 

stress can be formed in the contact position between the inner hole of the ECR and the 383 

surface of the ES, and the stress field far away from the inner hole of the ECR also 384 

presents a polygonal distribution trend. 385 
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Fig. 19. Stress status of the ECR under different slot amounts: (a) Rh=2.5 mm, N=4, (b) 387 

Rh=2.5 mm, N=6, (c) Rh=2.5 mm, N=8, (d) Rh=5 mm, N=4, (e) Rh=5 mm, N=6, (f) Rh=5 388 

mm, N=8, (g) Rh=7.5 mm, N=4, (h) Rh=7.5 mm, N=6, and (i) Rh=7.5 mm, N=8. 389 

Fig. 20 shows the temperature field of the ECR under different slot amounts and 390 

hole radii. The temperature field around the roll inner hole is also affected by the space 391 

occupied by the hole, which shows a polygonal distribution trend, and the side number 392 

of the polygonal is the same as the slot amount. When the hole radius is 2.5 mm, the 393 

slot amount has little influence on the temperature distribution around the roll inner 394 

hole. The reason is that the smaller hole cannot block the circumferential heat transfer 395 

between the ES and ECR, and the temperature field can still be homogenized on the 396 

inner hole wall. With increasing hole radius, the hole size is large enough to block 397 

circumferential heat transfer on the inner hole wall, and the temperature field around 398 

the roll inner hole begins to show a nonuniform distribution. When the hole radius is 5 399 

mm, the ECR temperature field under various slot amounts presents a nonuniform 400 

phenomenon, and the temperature near the inner hole is far less than that in the other 401 

working cases; therefore, the thermal expansion ability and the internal restraint ability 402 



are greatly reduced. 403 
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Fig. 20. Temperature field of the ECR under different slot amounts: (a) Rh=2.5 mm, 405 

N=4, (b) Rh=2.5 mm, N=6, (c) Rh=2.5 mm, N=8, (d) Rh=5 mm, N=4, (e) Rh=5 mm, N=6, 406 

(f) Rh=5 mm, N=8, (g) Rh=7.5 mm, N=4, (h) Rh=7.5 mm, N=6, and (i) Rh=7.5 mm, N=8. 407 

To further analyse the influence of the changes in the stress field and temperature 408 

field on the roll profile control ability, the thermal crown and force crown under 409 

different cases are extracted, as shown in Fig. 21. The result of Fig. 21 (a) shows that 410 

the thermal crown can be decreased by increasing the hole radius and the slot amount. 411 

According to the result of Fig. 20, with the increase in the hole radius or slot amount, 412 

the temperature field of the ECR is weakened, and the thermal bulging ability of the 413 

ECR can be decreased. It is noteworthy that when the hole radius is larger, the decrease 414 

in the thermal crown is larger with an increasing slot amount. In the case of a large hole 415 

radius and a large slot amount, the heat transfer area between the ES and ECR is greatly 416 

reduced by the influence of holes, resulting in the weakening of heat transfer between 417 

the ES and ECR, the decrease of heat storage in the ECR and the decrease of the thermal 418 

expansion ability. 419 



The result of Fig. 21 (b) shows that the entire trend of force crown variation is a 420 

slight increase at first and then a decrease with an increase in the slot amount. Therefore, 421 

the change in the force crown can be regarded as two stages. In the first stage, when the 422 

hole radius or the slot amount increases, the contact area between the ES and ECR is 423 

decreased, and the temperature of the ES can be increased, resulting in an increase in 424 

the ES bulging ability and an improvement in the force crown. In the second stage, 425 

although the bulging ability of the ES is enhanced, the internal restraint ability of the 426 

ECR is weakened due to the influence of the temperature field, which reduces the 427 

contact stress between the electromagnetic bar, roll and force crown. 428 
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Fig. 21. Thermal crown variation and force crown variation under different slot 430 

amounts: (a) thermal crown and (b) force crown. 431 

 432 

4. Conclusion 433 

In this paper, for the hole structure and slot structure, the radial bulging ability, the 434 

roundness of bulging, and the composition between the thermal crown and the force 435 

crown under different holes or slots are discussed. The conclusions obtained are as 436 

follows: 437 

(1) The radial bulging ability and the roundness under the influence of the roll 438 

radius are larger than those under the influences of the slot radius and slot 439 

amount, and the least influential factor is the slot amount. Due to the difference 440 

of heat-force hybrid driving in different conditions, the comprehensive crowns 441 



composed of the thermal crown and the force crown are different. 442 

(2) In the ECR with the same inner hole and different roll radii, an increase in the 443 

roll radius can decrease the roll profile control ability, while the roundness can 444 

be maintained well. In this process of a roll radius increase, a platform of radius 445 

deformation is obtained by the dynamic equilibrium of the temperature field 446 

and stress field, and the existence of a variation curve of radial bulging needs 447 

to be considered in the process of ECR selection. On the premise of ensuring 448 

the roll profile control ability and the demand of the mill roll system, a smaller 449 

roll radius can be selected. 450 

(3) The slot radius and the slot amount can determine the coil current load and the 451 

number of segments of the ES. Increasing the slot radius and slot amount can 452 

decrease the radial bulging value of the ECR, and the roundness can be 453 

maintained below 0.3 μm. The ES with a 3-mm slot radius and 8 slots has good 454 

comprehensive crown control ability and roundness, which can be used for 455 

different rolling conditions. 456 
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Figures

Figure 1

The structure of the ES and the cross-section of the ES with induction coils



Figure 2

The electromagnetic-thermal-mechanical coupled axisymmetric model of RPECT



Figure 3

The FE model of circumferential of RPECT



Figure 4

The connection diagram of ES zones



Figure 5

The thermal properties of #45 steel



Figure 6

Temperature variation in the core zone of the ES and the temperature control point



Figure 7

The modi�ed roll pro�le electromagnetic control experimental platform



Figure 8

The variation of average radial bulging in experiment and simulation



Figure 9

Status of ECR bulging under different roll radii: (a) roundness and (b) variation in radial bulging.



Figure 10

Stress �eld of the ECR with different roll radii: (a) 100 mm; (b) 135 mm; and (c) 150 mm.



Figure 11

Temperature �eld of ECR with different roll radii: (a) 100 mm; (b) 135 mm; and (c) 150 mm



Figure 12

Thermal crown variation and force crown variation under different roll radii



Figure 13

Status of ECR bulging under different slot radii: (a) roundness and (b) variation in radial bulging



Figure 14

Stress status of the ECR under different slot radii: (a) slot radius of 2.5 mm, (b) slot radius of 3 mm, (c)
slot radius of 5 mm, and (d) slot radius of 7.5 mm



Figure 15

Temperature �eld of the ECR under different slot radii: (a) slot radius of 2.5 mm, (b) slot radius of 3 mm,
(c) slot radius of 5 mm, and (d) slot radius of 7.5 mm.



Figure 16

Thermal crown variation and force crown variation under different slot radii



Figure 17

Stress �eld of the ES under different slot radii: (a) slot radius of 2.5 mm, (b) slot radius of 3 mm, (c) slot
radius of 5 mm, and (d) slot radius of 7.5 mm.



Figure 18

Status of ECR bulging under different slot amounts: (a) roundness and (b) variation in radial bulging.



Figure 19

Stress status of the ECR under different slot amounts: (a) Rh=2.5 mm, N=4, (b) Rh=2.5 mm, N=6, (c)
Rh=2.5 mm, N=8, (d) Rh=5 mm, N=4, (e) Rh=5 mm, N=6, (f) Rh=5 mm, N=8, (g) Rh=7.5 mm, N=4, (h)
Rh=7.5 mm, N=6, and (i) Rh=7.5 mm, N=8.



Figure 20

Temperature �eld of the ECR under different slot amounts: (a) Rh=2.5 mm, N=4, (b) Rh=2.5 mm, N=6, (c)
Rh=2.5 mm, N=8, (d) Rh=5 mm, N=4, (e) Rh=5 mm, N=6, (f) Rh=5 mm, N=8, (g) Rh=7.5 mm, N=4, (h)
Rh=7.5 mm, N=6, and (i) Rh=7.5 mm, N=8.



Figure 21

Thermal crown variation and force crown variation under different slot amounts: (a) thermal crown and
(b) force crown.


