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Aluminium extraction and production is energy intensive and have a relatively large environmental impact. One 

of the steps in the production of sheet aluminium is the cooling of the rolled metal after the hot mill. This study 

introduces an option to replace the active cooling by an environmental friendly method and eliminate the otherwise 

necessary logistic step of relocating the coils after cooling. This was done by developing a thermal model of the 

coils, calculating, based on the model, the required airflow and verifying it with test series. The experimental setup 

is in a high-bay storage facility belonging to a aluminium production line. The results of the test series show the 

differences between simulations and real life settings.  
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 Introduction 

Ecological and energy problems are increasing all 

over the world. The green movement is forcing the in-

dustry to make their products more sustainable and to 

think more and more about their ecological footprint to 

minimize the impact of the ongoing climate change. Alu-

minium is a material that is indispensable or irreplaceable 

in many areas of application. Be it in the manufacture of 

light products such as cars, packaging, construction or ap-

plications in the electronics industry. Thermal conducti-

vity, low weight and durability are the main properties 

that make it so valuable for the use in many industries. 

However, the extraction of aluminium is very energy 

intensive. Alumina processed from bauxite is the base 

material for the aluminium extraction, which is done by 

electrolysis. Both steps in the extraction consume large 

amounts of energy [1]. 

One of the further steps in the fabrication line to the 

finished product made of aluminium is the rolling of the 

aluminium blocks to sheet metal. Coming out of the hot 

mill, the sheet metal is wound up to a coil. Coils are the 

intermediate product for the production of aluminium 

sheet, strip and plate. Aluminium sheet, strip and plate are 

defined by national and international standards like DIN 

EN 485. 

After coming from the hot mill, the coils have a tem-

perature of approx. 350°C. The rolls are then cooled down 
to about 50°C for the next steps in production. Active 
cooling systems bring the rolled sheet aluminium down 

to the desired temperature. Then the coils are stored in a 

warehouse that functions as a buffer that optimizes the 

flow of material between the production steps. The rema-

ining time of the aluminium drums in the warehouse is 

approx. 60 hours. The cooling is done before the coils go 

into storage to keep the necessary storing places at a mi-

nimum. In modern aluminium production, the buffer 

comes as a highly automated high bay storage facility.  

Previous studies address the rolling of aluminium to 

sheet metal and in particular the thermal behaviour and 

the physical properties of the metal [2-8]. 

Other previous articles deal with the thermal behavi-

our of aluminium and other metals concerning products 

in electronics like heat exchangers and cooling coils or in 

solar thermal applications [9-18]. There are also textbo-

oks and research articles that focus on sheet metal and 

their thermal behaviour and the properties of heat 

transmission [19-22]. However, these examples are ma-

inly based on the effects in electronic applications, as 

mentioned before. No study or textbook covers the ther-

mal behaviour of rolled aluminium as in transportation 

coils. 

The cooling process is a step in the production line 

that plays a minor role in the energy consumption compa-

red to the whole aluminium industry. Nevertheless, the 

cooling is highly power intensive and not very efficient. 

In addition, it is an inescapable logistic step to the produ-

ction line.  

To replace the active cooling by an environmental fri-

endly method and eliminate the otherwise necessary lo-

gistic step of relocating the coils after cooling is the aim 

of this study. 

Thus, this work introduces a method how to eliminate 

the relocation of the coils by leaving them in their desig-

nated storage place in the buffer and cooling the coils 

there on the spot by simply using outdoor air and still mat-

ching the given time limit. 

 Methods 

In order to cool the coils with outside air only and 

leave them in storage at their place, a thermal model of 

the coils had to be created first. The necessary air volumes 

were then determined according to this model. Then coils 

from the actual production were measured to verify the 

calculations and the model with its specific approximati-

ons.  

For this study, two sets of aluminium coils were used. 

One set consisted of smaller coils and the other of larger 

ones. The coils were used from a real production series 

and therefore differed from the given characteristics and 

dimensions of the model. The maximum typical coil data 

were first used to calculate the model. The actual data of 

the test coils were only known shortly before the mea-

surements were carried out. Therefore, the air volume of 

the duct and fan wase designed for the maximum require-

ments and were adjusted accordingly for the tests. 

Coils typically have certain maximum dimensions. 
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They have a length L, an outer diameter Da, an inner di-

ameter Di and a number of layers that depend on the thick-

ness of the aluminium sheets. 

 

Fig. 1 Dimensions of aluminium coil 

 

The calculation of the energy content of a coil is de-

fined by the following equation that can be found in most 

textbooks on the basics of thermodynamic [23]: 

 pQ m c dT=    (1) 

where Q is the energy content of the object,cp is the 

specific heat capacity of the material, m stands for the 

mass and dT is the temperature difference between the 

object und the ambient conditions. pQ m c dT=    

2.1 Mathematical Model of Aluminium Coils 

To create the thermal model of the coil, its surfaces 

had to be determined. This is important for the heat trans-

fer during the cooling period. Then the energy or heat 

content of the coil was determined. Together with the di-

fferent types of heat transfer, the cooling progression and 

the required airflow could be calculated.  

There are two ways of heat transfer between the coil 

and the surrounding environment. One is convection; the 

other is radiation. With the given dimensions of the coil, 

as shown in Fig. 1, the surface of the coil for heat transfer 

is made up of various partial surfaces. The jacket surface 

is the surface of a cylinder. The same applies to the inner 

surface of the coil axis. For the jacket surface Aj the 

equation is a simple geometric one. 

 j aA L D=    (2) 

where L stands for the length of the cylinder. For the 

inner surface Ai applies the same equation.  

 i i
A L D=    (3) 

For the front face or lateral face of the cylinder Al, the 

surface of the inner hollow cylinder must be subtracted 

from the entire circular surface. 

 2 2(( ) ( ) )
2 2

a i
l

D D
A =  −  (4) 

The total surface for radiation AΣr is the addition of all 

the partial surfaces. 

 2r j i lA A A A = + +  (5) 

The total surface AΣc  that can be used for convection 

specifically in the given case is an addition of the jacket 

surface, the inner surface but only one lateral surface. The 

reason for this is that no duct routing can be placed on the 

side on which the coil is stored and removed again. 

 c j i lA A A A = + +  (6) 

The energy or heat content Q of the aluminium coil 

can be expressed as 

 Al
Q m c =    (7) 

where the specific heat capacity of aluminium is cAl, 

m is the mass of the coil and Δδ is the temperature diffe-

rence between the surface of the coil and the ambient air. 

The heat transfer by convection Q̇c is defined by [24] 

  = cc AQ  (8) 

where α is the heat transfer coefficient, AΣc is the 

effective surface for the heat transfer by convection 

(Eq.(6)) and Δδ is the temperature difference. 

The other type of heat transfer, the transfer by radia-

tion Q̇r is formulated by [24, 25] 

 
4 4( )r r Al UQ A T T  =    −  (9) 

This is the so called Stephan-Boltzman-law, where σ 

= 5.67·10-8 [W/(m2K4)] is the Stephan-Boltzman-con-

stant, TAl is the absolute coil temperature in Kelvin, TU is 

the absolute ambient temperature also in Kelvin, AΣr  

stands for the surface of the coil as mentioned in Eq. (5 

)and 𝜀 is the emissivity of the surface of aluminum (alu-

minium-mill-finished [25]). 

With the above listed equations, the model of the coil 

is complete. The temperature progression of the coil dur-

ing the cooling process follows an exponential function 

of the Euler number [23]. The resulting heat flow during 

the progression can be expressed as 

 ( ) ( 0)

t

t tQ Q e 
−

==   (10) 

where Q ̇(t) is the remaining heat content of the coil at 

any interval, Q ̇(t=0) is the heat content at the start interval, 

which is the sum of Q̇r and Q̇c, t is the time of the interval 

and τ is the resulting time based on the heat transfer du-

ring a given interval as in the following equation. 

 
( )

( )

t

t

Q

Q
 =  (11) 

Finally, the resulting airflow Qair is determined by 

 
( )

( )

t

air

p c air

Q
Q

c T T
=

  −
 (12) 

where Tc stands for the coil temperature, Tair is the 

temperature of the airflow, cp is the isobaric specific heat 

capacity of air and ρ stands for the air density. 
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2.2 Experimental setup 

In the experiments, there were two sets of coils co-

ming directly from the hot mill used for the measure-

ments. The current production orders dictated the size and 

dimensions of the coils. All had an inner diameter of 600 

mm. 

Tab. 1 List of test coils 

Coil No. L [mm] Da [mm] Weight [kg] Sheet thickness [mm] 

Small coils     

44/1 1650 1900 12015 3 

44/4 1650 1940 11880 3 

44/7 1580 2060 12935 6 

47/3 1580 2070 13010 6 

47/7 1580 2080 13005 6 

Large coils     

42/1 1940 2260 19480 3 

51/5 1940 2330 20935 3 

52/1 1940 2320 21060 3 

52/7 2040 2250 19795 3 

54/7 2040 2260 19805 3 

56/5 1940 2344 21100 3 

 

The control system placed the coils in a distributed 

pattern into the high bay storage for the setup of the series 

of measurements. The numbers corresponded to the loca-

tion of the aluminium drums, e.g. coil 44/4 stood for co-

lumn 44 and level 4 bin. The distribution was necessary 

to avoid the mutual influence of the hot drums and to ex-

clude the impact of the airflow by the design of the air 

duct. 

Fig. 2 shows part of the construction drawing of the 

experimental setup. The magenta part of the drawing is 

the air duct with its outlet grids that eject the airflow onto 

the coil surfaces. The red lines indicate the direction of 

the airflow. The gray lines outline the coil (front view) 

with its two support structures. 

 

Fig. 2 Front view of experimental setup 

 

The measured variables were the temperature of the 

front and shell surfaces in intervals, the temperature of the 

outside air and the time of the individual measurements. 

The availability of the storage and retrieval machines de-

termined the measuring intervals. Specially trained staff 

operated the stacker cranes manually to reach the desired 

coil and take the measurements. 

The TC 301 model from Dostmann electronic with 

surface sensor was used as the measuring device for the 

coil temperature. The control system of the storage faci-

lity logged the outdoor air temperature. The sensor was 

placed in the air duct close to the ventilator. The axial fan 

used for the setup was a R3G800-AQ03-XA model from 

ebm. 

 Results 

Initial values and conditions for calculating the 

required airflow and temperature progression are listed in 

Tab. . 

Tab. 2 Initial Setup 

Temperature of incoming coils: 350°C 

Temperature of outgoing coils: 50°C 

Average outdoor air temperature: 25°C 

Average indoor air temperature 42°C 

Coil weight: 26 t 

Coil outer diameter: 2500 mm 

Coil inner diameter: 610 mm 

Coil width 2400 mm 

Time limit 1 for cooling  45 h to 60°C 

Time limit 2 for cooling  50 h to 50°C 

 

With the initial setup data and Eq. (2) - (6) the surface 

for radiation computed to AΣr = 32.68 m² and convection 

to AΣc = 28.07 m². 
With Eq. (7) the heat content of the aluminium coil 

was Q = 2,271 kWh. For calculating the heat transfer by 
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convection (Eq. (8)) according to EN ISO 6946 the ap-

proximation for forced air was used which resulted with 

α ≈ 20 W/m²K in Q̇c = 182.4 kW. With Eq. (9) the radia-

tion was calculated to Q̇r = 12.97 kW and the total heat 

transfer as the sum of Q̇c and Q̇r came to Q̇Σ = 195.37 kW. 

As a safety margin for deviations of the real setup from 

the theoretical model, e.g. minimal air layers between the 

windings, 20 % was applied. The heat transfer including 

the safety margin was therefore reduced to Q̇Σsafe = 162.83 

kW. 

These calculated values resulted with Eq. (10) in 

Q̇(t) = 151.57 kW for the heat transfer at the end of the 

first one-hour interval with a time constant τ = 13.9 h, as 

shown in Eq. (11). The resulting airflow with Eq. (12) 

computed to Qair = 1,390.72 m³/h. 
The airflow simulation showed that in an open envi-

ronment, like the one in the warehouse, not all air could 

be effective administred to the surface of the test object. 

Based on these results, the air volume for the design 

of the fan and the air duct was doubled. The nominal air 

volume of the test arrangement was set to 2,800 m³/h. 

This should also ensure a sufficient control range was 

available. 

The measurements were taken in a real life scenario 

and not in a laboratory. Therefore, many possible devia-

tions and influential factors could not be addressed in the 

computations. These influences result, for example, from 

the surrounding steel structure, the degree of contamina-

tion of the outdoor air, the tightness of the air ducts, etc.  

3.1 Results of simulation with initial setup 

Using the input conditions, the simulation of the tem-

perature curve (Graph 1) showed that without additional 

measures a coil needs more than 100 h to cool down to 

the first target temperature at the given average outdoor 

temperature. For the second, additional 20 h are required. 

With the typical ambient temperature in a warehouse of 

42 °C, these time intervals stretch to over 130 h and 160 
h. 

 

Graph 1 Cooling curve, no forced ventilation, ambient temperature 25 °C and 42 °C 

 

Graph 2 Cooling curve, forced convection, outdoor air 25°C 
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The further simulation with the given conditions and 

the calculated air quantities resulted in a cooling of the 

metal drum up to the first limit within 30 h and up to the 

second below 35 h, as shown in Graph 2. 

3.2 Comparison of simulation with actual results 

For the comparison of the actual results with the sim-

ulations, two typical aluminium coils were chosen. One 

from the smaller coils (No. 44/7,Graph 3) and the other 

(No. 51/5, Graph 4) from the large set of metal drums. 

The measurements showed that the simulation best ap-

proached the real situation when the value of the approx-

imation in Eq. (8) was set to α ≈ 16 W/m²K. The average 

outdoor temperature was 28°C for 44/7 and 30 °C for coil 
no. 51/5.  

The results of the measurements, as shown in Tab. 3, 

Tab. 4, Graph 3 and Graph 4, were close to the simulation. 

However, the following points must be observed. Due to 

the supply air grids, which were directed in a fixed man-

ner towards the largest possible coil (Initial setup, Tab. 

2), a large part of the airflow passed the test objects with 

a limited effect in the open environment of the warehouse. 

This affected the small coil in particular because it had 

the largest geometric differences compared to the metal 

drum in the initial data set. It turned out that the difference 

in size and the resulting reduction in effective air volume 

was compensated by the lower energy content. The coil 

was therefore cooled down within the required time and 

temperature (Tab. 3, Graph 3).

Tab. 3 Data of coil 44/7 

Time [h] Measured Temperature [°C] Calculated Temperature [°C] Difference [°C] Relative Difference. 

0 320 320 0 0% 

1 284 300 -16 -5% 

17 120 121 -1 -1% 

22 94 94 0 0% 

25 83 82 1 1% 

41 47 46 1 2% 

 

Graph 3 Cooling curve of coil 44/7 

Tab. 4 Data of coil 51/5 

Time [h] Measured Temperature [°C] Calculated Temperature [°C] Difference [°C] Relative Difference. 

0 260 260 0 0% 

1 248 248 0 0% 

16 119 124 -5 -4% 

18 105 114 -9 -8% 

22 94 97 -3 -3% 

24 86 90 -4 -4% 

42 48 51 -3 -6% 

46 44 46 -2 -4% 
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Graph 4 Cooling curve of coil 51/5 

 

The same happened to 51/5 as shown in Tab. 4 and 

Graph 4. 

For both drums, the corresponding fan was running at 

the nominal load with 2,800 m³/h and an average air 
velocity of 4 m/s at the grids. The number of layers, i.e. 

the thickness of the aluminium sheets showed no or very 

little influence on the thermal behaviour of the test ob-

jects. The thermal connection between the layers was so 

good that the drums behaved as if they were made of solid 

metal. 

3.3 Airflow and system efficiency 

To visualize the airflow, several smoke grenades were 

launched in the mixing chamber of the air duct right be-

fore the fan. The smoke was blown in the supply duct and 

made the supply air visible streaming around one of the 

coils. This experiment showed that the upper grids and 

the grid in the back were the most efficient to bring the 

airflow to the test object. It also made it visible that not 

the entire jacket surface was evenly supplied with the air-

flow. 

The power consumption of the ventilation system 

came the motor of the fan. It took between 33 h (coil no. 

44/7) and 36 h (coil no. 51/5) to achieve the first temper-

ature limit of 60 °C. During this time, the fan used 500 W 

electrical power. This equals a power consumption of 

18 kWh. In comparison, a chiller (EER=4) generating the 

same cooling capacity consumes approx. 290 kWh. This 

is over 16 times more than in the experimental setup.  

 Discussion 

As no study before has addressed the cooling and sto-

rage part of the aluminium production cycle, it is ne-

cessary to look at all production steps to optimize and eli-

minate or reduce the ecological footprint. However, the 

resulting application must also be economically feasible. 

This was the aim of our study. 

This study indicates that there is a chance to reduce a 

significant amount of power consumption and therefore 

CO2 output in the cooling of aluminium coils when put 

into storage after coming from the hot mill. This should 

be achieved by the use of outdoor air only. However, the 

rolled aluminium cannot just be put outside in an open 

area because the coils must not get wet. Otherwise, water 

would compromise the coil´s surface. 
The results show that just waiting for the metal drums 

to cool down on their own by placing them in a space with 

outdoor temperature takes over 100 h which is too long. 

For the space inside the high-bay warehouse, this even 

takes over 130 h (60 °C coil temperature), or more than 

160 h for the coil to reach 50 °C. To wait this long for the 

cooling down would require a very large and therefore 

inefficient and expensive buffer storage. 

The overall results indicate that by using the verified 

and updated thermal model and the calculations of this 

study, the application of a ventilation system with outdoor 

air can lead to the desired outcome and benefits. 

The data obtained in this study shows that a system 

that makes economic and ecological sense can be in-

stalled in a high-bay warehouse using comparatively sim-

ple means. The system consists mainly of fans, air ducts 

and exhaust grids. 

The airflow simulation and the measurements also 

show that even with the added safety of 20 % and twice 

the calculated volume of supply air the simulated cooling 

process was matched. In contrast to a closed system, in 

the open environment of the warehouse the airflow di-

rected to the test objects could not completely reach the 

surface of the metal cylinders. Despite the higher air vol-

ume compared to the calculation, the application reduces 

the power consumption by the factor of 16. In addition to 

the savings in energy and logistics, and therefore money, 

there is the benefit of reducing the carbon dioxide output. 

With an electricity mix of around 550 grams of CO2 per 

kWh, this means a saving of 136 kg CO2 per aluminium 

coil. The benchmark for a 20 t aluminium cylinder would 
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be 6.8 kg CO2 savings per metric ton. Worldwide this sys-

tem could eliminate about 476,000 t of CO2 output per 

year. This is only a small portion of the total CO2 output 

of the aluminium production but still it is a portion and it 

makes ecological and economic sense to install the coo-

ling system. 

The limitations of this study are clear: there were only 

a small number of test objects available. It is hard to come 

by 20 t test objects just for experimental purposes and be 

able to access them in the surrounding of a fully auto-

mated storage facility. Another point is that the test coils 

did not reach the maximum dimensions that were stated 

in the initial requirements. In addition, the influence of 

fluctuations in outdoor temperature was neglected by us-

ing an average value. It was justifiable in this study be-

cause the maxima still provided enough difference for a 

working heat flow. 

This study provides a new application for reducing the 

energy consumption and eliminating an additional lo-

gistic step in aluminium production and saving money 

with an economically feasible system. It therefore also re-

duces the output of carbon dioxide and as a result the eco-

logical footprint. Further research could optimize the ven-

tilation system and make the airflow even more efficient. 

With a worldwide production of about 70 million metric 

tons per year, this should be achievable. 
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