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The mechanical properties of a metal casting are governed by grain size and 
microstructure in the metal, and isotropic microstructure leads to better mechanical 
properties. However, in practice, it is difficult to ensure cooling rates such that uniform 
microstructure in the cast occurs. In this paper, we propose a model for controlled 
cooling of the casting in order to achieve uniform microstructure and desired grain 
size throughout the cast product.
The main concept is that the microstructure of the casting depends on the rate of heat 
extraction. A faster rate of heat extraction leads to smaller grain size while a slower 
rate of heat extraction results in larger grain size. Generally, the geometry of the 
mould and the cast is such that the distance of cast from the external surface of the 
mould is continuously varying. This leads to variations in the rate of heat extraction 
which results in non-uniform grain development during the cooling process.
Since cooling rates are the primary concern, and this depends on the external 
temperature (Te ) of the mould, this temperature needs to be controlled. Our proposed 
model controls this temperature by using multiple variable speed fans to control Te. 
The relevant heat transfer equations comprising of conduction and convection will 
be used to model the temperature throughout the mould. A feedback system will be 
incorporated which will consist of temperature sensors and a cooling system that will 
be integrated with a data processing unit. The temperature (Te ) so measured will 
be used to control the fan speeds such that heat extraction rates are controlled to 
achieve uniform grain size and arrangement in the cast product.
Although the present model has been developed for relatively simple geometries, the 
same can be extended for more complicated casting geometries. This will form the 
next phase of our work.
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Fig.1. Side view of proposed model

Fig. 2. Isometric view of proposed model
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1. Introduction
 
In the process of casting there is always a 
chance of development of non-uniform grain 
size or irregular grain arrangement. As the grain 
size and grain arrangement are a major factor 
behind various properties such as yield strength, 
tensile strength, impact strength, and all other 
mechanical properties, one should ensure uniform 
microstructure and small grain size in the casting 
by Hall Petch relationship. In the casting process, 
there is the formation of new grains that depends 
on how heat extraction is taking place in the 
recrystallization process.

This model works to eliminate the possibility of 
non-uniform grain formation due to geometry in 
the process of casting. Also, this model can tweak 
grain size according to need and application. For 
this process, a method of controlled cooling is used. 
This is done by temperature sensors, fans, and a 
data processing unit. It will maintain the same 
rate of heat extraction and give control to rate 
throughout the cast which will ensure arranged 
and small grain size for better performance of cast 
product.

2. Concept  Involved

Uniform heat extraction rate which ensures  
uniform microstructure must be equal at every  
point of cast. For this, the application of Fourier’s 
Law at all the fan locations based on the data 
received from the temperature sensors. This law 
generates a new value of temperature which 
is desired for the same rate of heat extraction 
throughout the cast. These values of new 
temperatures are required to be maintained by the 
cooling system.

3. Methodology

Fig. 3 shows a typical schematic of a casting.  
Tm(t) is the uniform time-varying temperature 
of the casting. Tm(t) is uniform since the thermal 
conductivity of the casting is much higher than 
the thermal conductivity of the mould. In the  
schematic, BD is the surface of the mould. The  
fastest rate of conduction will take place from 
the location where the distance of cast is 
nearest to the boundary of themould. Hence the  
temperature is highest at point B and continuously 
decreases till point D.

Temperature sensors are mounted at the walls 
of the mould. Multiple fans are used to blow 

air perpendicular to the surface of the mould. 
A single fan caters to a finite region of the mould 
surface. The initial wall temperature (To) is 
highest at point B due to the highest rate of heat 
conduction.

3.1. Data collection for governing the cooling 
system

The distance of the cast product from the mould 
wall is first collected. This data is fed into a table 
and the mean length for a single fan is calculated.

Values of temperature are recorded at various 
locations with the help of temperature sensors. 
These temperature values are fed into a table and 
the mean temperature for a single fan is calculated.

Table 1 is to be made for all the length data in front 
of every sensor. 

Fig.3. Sample schematic

Fig. 4. Process flow chart
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and location of distance  l1 we get 

	 Tm : Temperature of cast 

	

On solving we get                      

	  	         …..(2)                                                    

Here  is temperature required at location 1 to 
maintain equal heat flux at both fan locations. 

Similarly, for other locations we will get equations: 

			 
	 	                       …..(3)                                                    
 
	
	 	                       …..(4)
                                                    
Fan speed will be changed in accordance with the 
temperature at a location.

Results for the above conditions:

Initial conditions:

	
Due to different length for heat conduction from 
cast to mold

	
Finally, the desired conditions:

 To = Td	 : Condition applied for best microstructure 
condition

Table 2 is to be made for all the temperature datain 
front of every sensor.

This data fed into a data processing unit that  
relates this data with laws of heat transfer and 
gives results to the cooling system for control of 
heatextraction.

The lowest temperature from the temperature 
datasheet is denoted by To. We already know 
the temperature of the melted metal which is  
denoted by Tm and considering it to be the same 
throughout the molten metal. 

Now we apply Fourier’s law:

          	                            …..(1)                                                    

And make conduction rate of every point equal 
to the lowest conduction rate for uniform heat 
extraction.

Consider Td to be the temperature for which best 
grain size, as well as microstructure, will be 
obtained for cast product.  Td  is the value which can 
be obtained experimentally. This setup can also be 
used with To value but to get the best results Td is 
preferred over To.

Set: To = Td : Condition applied for best 
Microstructure condition. (Ref. Fig. 5)

To set the fan speed accordingly at the lowest 
temperature point to obtain the desired 
temperature i.e. Td. 

Equating heat flux equations at the initial condition 
at two different positions i.e. location of distance  lo 

Table 1.
Data Sheet for Length Data.

Sheet for Length Data

d1 d2 d3 d4
Mean Length for 

Fan

= SUM(d1:d4)/4

Table 2.
Data Sheet for Temperature Data.

Sheet for Temperature Data

S1 S2 S3 S4
Mean Temperature for 

Fan

= SUM(S1:S4)/4 Fig. 5. Sample Drawing
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	 	 : By conditions of 
equal heat extraction

	 Fan speed relation:
	
					   
  Are calculated with equations fed into 
the cooling system to get these temperatures at 
the corresponding location. At these locations, 
temperature sensors are already placed which  
will ensure that fans are able to achieve the 
calculated temperature or not.

In other words, all sensors will work as a calibration 
system for controlled cooling in this model.

4. 	 Analysis of Heat Extraction as a Function of 
Time

Analysis of heat extraction with continuous data 
capturing and processing gives more accurate 
results as it is acting on small changes to the heat 
extraction rate at different locations in real-time. 

This fast data processing unit is used, as the 
temperature data from the sensors can generate 
a high quantity of readings in a very short time. 
Also, the cooling unit must adjust according to 
the new cooling condition required for a uniform 
microstructure.

Equational analysis of heat flux with respect to 
time at two different positions. For this model, we 
are considering the cast as a lumped body. We get 

 Tm (t) : Temperature of the cast with respect to 
time

 dTm /dt = constant throughout the body: Due to 
the fact that we are assuring heat extraction from 
every part to be the same.

 Td (t) : Temperature of the outer point at the 
farthest distance from the cast. It is calculated with 
experiment.

Here we are equating heat flux at the location of 
distance  lo and location of distance l1.
Fourier’s Law,
 
      
                  

	        …...(5)

On solving we get                                          

    	      …….(6)

 Fig. 6. Sample drawing

Here,
  is the temperature required at location 1 with 
respect to time to maintain equal heat flux at both 
the fan locations.

Similarly, for other locations we will get equations:

	          …..(7)                                                  
 

	 	       ……(8)

Finally, the desired conditions:

 To (t) = Td (t):Condition applied for best 
microstructure condition	

  : By conditions of equal 
heat extraction.

Fans speed will be changed accordingly and the 
relation for this case is:
	
	
With this data, the model presents the idea of fan 
speed at which the heat extraction from the cast 
is uniform everywhere which will result in the 
uniform microstructure in a cast product.

  are calculated with equations that 
are fed into the cooling system to get these 
temperatures at the corresponding location.

At these locations, temperature sensors are 
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 Cpc: Heat capacity
 lr : Length
 wd: Area of cross-section

Assumptions: 
i) No contact resistance between casting and 
mould.
ii) Given that 
	

on x > o side only lcr region of the cast takes part 
in the heat transfer and on the x < o side only 
 ιcl  region of the cast takes part in the heat transfer.  

From equations (9) and (10) we get
 
  …..(11)

  …..(12) 

Since we know the value of Tmro(t) and Tmlo(t) from 
sensors by using the above equations we can  
get the temperature of the cast as a function of 
time.

We are setting the value of  Tmro(t) and Tmlo(t) such 
that same heat extraction from both right and  
left side with the help of fans. Since the heat 
extraction is same it will give Tc(t) value to be 
equal at both right side and left side. This can be 
related as uniform cooling in this 1 D experimental 
model.

6. Ongoing Improvements 

Model improvement can be done by using small 
diameter fans and a greater number of fans so 
that temperature control is more precise for 
maintains the uniform microstructure irrespective 
of geometry is of the cast. 

By increasing the number of sensors will also give 
a more precise value of temperature that also 
increases the effectiveness of the model.

A more responsive cooling system will give the  
best result on integration with fast data processing 
unit. Fans used are with a large spectrum of speed 
for various temperature ranges. 

Continuous temperature sensing will be the  
best option for better optimization of the model. 
High Capacity data processing unit should be  
used for faster processing and delivering the data 
to the cooling system as the temperature is a 

already placed which will ensure that fans are able 
to achieve the desired temperature or not. In other 
words, all sensors will work as a calibration system 
for controlled cooling in this model.

5. Equational Analysis for 1D Model

Here we are doing complete equational analysis 
for 1 D model. To show heat extraction exclusively 
for this model only.

In the figure below, there is a casting material 
surrounded by a mould. All mould surfaces 
surrounding the casting material are perfectly 
insulated except for the left and right ends.

Considering the following conditions hold:

To have uniform grain-size we need to have a 
uniform rate of cooling of the castingmaterial,  
i.e.
  = constant. Here β > 0 and
The temperature at a location.

 Tm (t): temperature of the casting material.

	

Fig. 7. Model for 1D analysis

Since all the surfaces are insulated except right and 
left it can be assumed as a 1-D heat transfer model.

If  : thermal conductivity of the mould, kc: 
thermal conductivity of the casting material). Here 
since the casting product conducts heat much 
more easily than the mould, we can safely assume 
that the casting behaves like a lumped body.

Condition of heat transfer

	

        …..(9)                                                    

	

         …..(10)                                                    

 pc : Density
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relation between the conduction, convection and 
fan speed (cooling).

References

1.	Richard A. Hardin, Kai Liu, Beckermann, 
Christoph; Kapoor, Atul: A Transient Simulation 
and Dynamic Spray Cooling Control Model for 
Continuous Steel Casting, ‘Metallurgical and 
Materials Transactions B, vol. 34, no. 3, June 
2003, 297–306. 

2.	Lotov, Alexander V; Kamenev, George K; 
Berezkin, Vadim E; Miettinen, Kaisa: Optimal 
control of cooling process in continuous casting 
of steel using a visualization-based multi-criteria 
approach, ‘Applied Mathematical Modelling’, 
vol. 29, no. 7,  July 2005, 653-672, https://doi.
org/10.1016/j.apm.2004.10.009.

3.	Chaudhuri, S; Singh, RK; Patwari, K; Majumdar, 
S; Ray, AK; Singh, AK; Neogi, N: Design and 
implementation of an automated secondary 
cooling system for the continuous casting of 
billets, ‘ISA Trans.’,  Jan 2010; vol. 49, no. 1, 
121-9. doi: 10.1016/j.isatra.2009.09.005. Epub 
2009 Oct 6.

4.	Liu Wen-hong; Zhi, Xle: Design and Simulation 
Test of Advanced Secondary Cooling Control 
System of Continuous Casting Based on Fuzzy 
Self-Adaptive PID, ‘Journal of Iron and Steel 
Research, International’, vol. 18, no. 1, January 
2011, 26–30. ◘

continuous varying in this model.

7. Limitations

At this stage, this model will not be able to give 
effective results for the irregular shape of the cast 
product. 

Highly irregular means its geometry change 
significantly in short distance.

Temperature sensors must have high temperature 
working range so that they do not melt on the 
application of the model surface.

8. Conclusion

This model helps in the Controlled Cooling  
which ensures similar heat extraction rate 
throughout the cast. This similar heat extraction  
will ensure uniform grain arrangement.As faster 
heat extraction creates a smaller grain size.  
Variable fan speed help to control the rate of heat 
extraction which allows varying the grain size. 
This model is developed to get better Mechanical 
Properties for the casted product. 

Currently, we are working on the analysis of 
convection outside the mold in between the 
mold and fans. For which we are developing an 
equational analysis of convection coefficient with 
temperature. We are developing an equational 
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