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Abstract 

 

In centrifugal casting, it is very difficult to determine the temperature distribution and 

solidification time by experimental techniques. Because of this, accurate data on 

solidification time during centrifugal casting of different materials is not available. 

Therefore, this paper aim at analyzing the solidification time numerically with regard 

to the pouring temperature and mold pre heat temperature.The Finite Element Method 

was used to discretize and analyze the temperature distribution. Four quadratic 

element was used to represent the entire domain of the casting and mold region 

respectively. The result obtained shows the temperature distribution both in the liquid 

cast region and the mold region. The liquid cast was poured into the prepared mold at 

the temperature of 1500
0
C and the mold was preheated to a temperature of 250

0
C to 

prevent thermal shock. The solidification time obtained in this research has a 

maximum value of 63 secs to 68 secs. This is still within the limit of foundry practice 

which is between 60 secs to 120 secs. This shows that the result obtained from this 

research is in agreement with the result obtained from finite difference method. 

Keywords: Solidification Time, Pouring Temperature, Preheat Temperature, Centrifugal Casting, Finite Element 

Method 

 

1. Introduction 

The casting solidification process is an extremely complex physical and chemical change process, which includes a series of 

processes, e.g. the thermal transmission, the momentum transmission, the matter transmission, phase changes and so on. It is 

extremely difficult to describe the solidification process precisely. Therefore, it is usually based on “instantly fill, initial 

temperature even distribution” [1] to solve the temperature field in the simulation of solidification. The finite difference 

method is usually used in the numerical analysis of temperature in horizontal centrifugal casting. In 2001, a study was carried 

out by Kamlesh, by using the finite difference method to determine the temperature distribution in horizontal centrifugal 

casting. This was done both in the liquid cast and mold region [2].This method is simple to implement, but its stability and 

astringency are profoundly influenced by the time step and space step. In the suitable condition, the stability is the sufficient 

condition of the astringency. To speed up the computational speed, several time step computational methods for different 

situations were derived [3].The numerical simulation of this process is challenging, no description of its numerical simulation 

is not replete in literature. Some papers describe the less complex vertical centrifugal casting process [4]. Though an 

exhaustive literature survey, it is understood that very little work was carried on the estimating of freezing time on centrifugal 

casting. There are several theoretical and experimental investigations that involves the determination of the solidification 

time in casting area. Some of the important contributions in this area have been presented here to give the current state of 

art[5-6].  A numerical solution has been obtained for the solidification of a steel casting in a thermally insulated mold. The 

effect of the rate of metal pouring on the motion of the solidification interface was investigated. An experimental and 

numerical model on the time varying heat transfer coefficient h(t) between a tube-shaped casting and metal molds. One-

dimensional treatment was adopted in analyzing the heat flows between the casting and the inner and the outer mold[7-8]. 
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The main parameters which have effect on the solidification rate in horizontal centrifugal casting are the pouring temperature 

and the mold preheat temperature [2]. In this paper, we are only going to look at the effect the pouring temperature and the 

mold preheat temperature on the solidification rate. 
 

2. Mathematical formulation 

The mathematical models used in centrifugal casting are based especially on heat transfer and solidification consideration of 

centrifugal casting. A schematic representation of the model of the centrifugal casting is shown in Fig. 1. The heat is 

withdrawn from the liquid region of the casting to the metallic mold, and finally from mold to surrounding. Heat is also 

radiated away from the inner surface of the casting. As the solidification proceeds by conductive heat transfer through the 

molten metal in contact with metallic mold, the solid-liquid interface moves away from the metallic mold. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 1. Geometry of horizontal-axis centrifugal casting 

The transient radially symmetric heat flow in the cylinder is governed by: 

1 T T
k r C

r r r t

 

  
  

 
   

        (1) 

Before pouring the melt into the mold, the mold is preheated to a certain temperature to avoid thermal damage to the mold. 

Therefore, the initial temperature distributions in the casting, mold and shell regions are taken as: 

c pT T            (2) 

g m MT T T            (3) 

As soon as the melt comes in contact with the mold wall, temperature of the metal-mold interface increases suddenly. Initial 

interface temperature is approximated by considering thermal energy conservation within the very thin layer of the metal and 

the mold in an adiabatic system [9-10]. Since the heat flow rate from the metal to mold at the beginning is very rapid indeed, 

it can be stated that the liquid metal within this layer solidifies instantaneously. 

In order to find the metal-coating layer interface temperature at timet=0, the mold is assumed to be at a temperature TMand 

the initial temperature of casting is assumed to be the temperature of the metal as it enters the mold cavity. To find a 

reasonable approximation to the initial interface temperature, consider an adiabatic system shown in Fig. 2. 

 
Fig. 2: Control volume considered when calculating the initial temperature of metal-mold interface [9] 
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Equating the thermal energy in the system initially to that in the system at equilibrium yields 

    02 2oc g g M L L p oc g g L LR r C T C T R r C C T                (4) 

where 0T is the initial metal-coating layer interface temperature. On rearranging the terms the interface temperature can be 

written as 

0

g g M L L p

g g L L

C T C T
T

C C

 

 





         (5) 

The boundary conditions in different regions of the casting and mold are as follows: 

1. At the inner surface of the casting, i.e., at icr R , 

 2
lc

lc ci

T
k h T T

r



 


         (6) 

where 
2

p aT T
T


          (7) 

In the development of the weak form, we assumed a linear mesh and placed it over the domain. This was done by multiplying 

Eq. (1) by the weighted function (w) and integrating the final Equation over the domain. This results in the mathematical 

expression in Eq. (8). 

0
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where 
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B
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Eq. (8) is referred to as the weak form of the governing. 

In the weak form, since the primary variable is simply the function itself, the Lagrange family of interpolation functions is 

admissible, therefore: 

         
1

,
n

e e

j ij
j

T r t T t r and w r   


 
       (10) 

Substituting eq. (10) into eq. (8), we have: 

     e e e

ij ij ij
j

K T M T Q 



       
        (11) 

where
B

A

r ee
je i

ij

r

k
K r dr

C r r



 








 
(Conductivity Matrix)     (12) 

B

A

r

e e e

ij i j

r

M r dr    (Enthalpy Matrix)       (13) 

Next, we use the already developed finite element model of one-dimensional time-dependent problem to describe time 

approximation schemes and also convert the ordinary differential equation in time to algebraic equation. The most commonly 

used method for solving eq. (11) is the family of interpolation in which a weighted average of the time derivative of the 

dependent variable is approximated to two consecutive time steps by linear interpolation of the values of the variables of the 

two steps. Therefore, we have: 

          
1

1 1 1 1 1
1 1

s s

e e e e e e

ij s ij ij s ij s i s ij j s s
M t K T M t K T t Q t Q    


    

                          
  (14) 

Using the Backward Difference Scheme, where 1  , eq. (14) is reduced to eq. (15) 

     
1

1

1 1 1s s

e e e e

ij s ij ij s ij j s
T M t K M T t Q 





  

                  
    (15) 

2.1 Evaluating the elemental matrices 
The one-dimensional Lagrange quadratic interpolation function for the equation becomes: 

    1 2

1
2 2e A e A

e

r h r r h r r
h

             (16) 
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    2 2

4
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e

r r r h r r
h

            (17) 

    3 2

1
2 2A e A

e

r r r h r r
h




           (18) 

The Conductivity matrix can be easily derived by substituting the Lagrange interpolation functions in eq. (16) to (18) into eq. 

(12) respectively, we have: 

 

   

 

3 14 4 16 2

4 16 16 32 12 16
6

2 12 16 11 14

e A e A e A

e

e A e A e A

e

e A e A e A

h r h r h r
k

K h r h r h r
h C

h r h r h r



 

    
 

          
     

    (19) 

Also, the Enthalpy matrices can be easily derived by substituting the Lagrange interpolation functions in eq. (16) to (18) into 

eq. (13) accordingly, we have: 

8 4 2

4 16 32 4 4
60

2 4 4 7 8

e A A e A

e e
A e A e A

e A e A e A

h r r h r
h

M r h r h r

h r h r h r

   
        
            (20) 

The assembled 
eK matrix is given as: 

 

   

   

   

   

3 14 4 16 2 0 0 0 0 0 0

4 16 16 32 12 16 0 0 0 0 0 0

2 12 16 28 28 20 16 3 2 0 0 0 0

0 0 20 16 48 32 28 16 0 0 0 0

0 0 3 2 28 16 56 28 36 16 5 2
6
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e w e w e w e w e w

e w e w e w

e
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The assembled 
eM  matrix is given as: 
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3. Result and discussion 

The model has been implemented by using the following thermo physical properties (for casting and mold material), and 

design and operating parameters. 25% Cr-20% Ni steel is chosen as molten metal and 0.4% Carbon steel as mold material to 

validate the developed model with results available in literature. Various design and operating parameters, like geometric 

constants for the casting and the mold, the heat transfer coefficient at different regions of casting and the mold, and initial 

temperatures of mold and metal used in the analysis are tabulated in Table 1 and Table 2. 
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Table 1: Thermo physical properties of casting, mold material, and coating layer 

Thermo Physical Properties 25%Cr-20%Ni Steel 0.4% Carbon Steel Coating Layer 

Kd (cal/cmsec
0
C) at 0

0
C 0.025 0.126 2x10

-2
 

ρ(gr/cm
3
) 7.3 7.8 5.7 

C(cal/gm
0
C) 0.118 0.1 0.08 

Ts(
0
C) 1300 - - 

TL(
0
C) 1400 - - 

Tf(
0
C) 1300 - - 

ΔH(cal/gr) 60 - - 

 

Table 2: Design and operating parameters used in analysis 

Outer diameter of steel mold, (cm)  31 

Outer diameter of casting, (cm) 13 

Inner diameter of casting, (cm)  9 

Damping coefficient between the mold-metal interface, β 0.83 

Heat transfer coefficient at outer surface of steel mold(h2) and at inner surface of casting (h1), 

(cal/cm
2
sec

0
C) 

0.0002 

Initial pouring temperature, Tp(
0
C) 1500 

Initial mold temperature, Tm(
0
C) 250 

Ambient temperature, Ta(
0
C) 25 

Emissivity at outer surface of mold, ƐM 0.4 

The main parameters which have effect on solidification rate are the pouring temperature and the mold preheat temperature 

[2]. In this paper, we are only going to be looking at the effect the pouring temperature and the mold preheat temperature on 

the solidification rate. 

3.1 Effect of Initial Pouring Temperature 

Fig. 3 shows a graph of the solidification time as against the molten metal pouring temperature. The solidification time in this 

context is the time for the complete solidification of the casting in the mold, that is, the time when the shell thickness 

becomes 2cm (the casting thickness). It is evident from Fig. 3 that the time for complete solidification increases with 

increased pouring temperature of molten metal. This is due to fact that as the pouring temperature Tpincreases, the total heat 

content in the casting increases and as a result of this, more time is then required to withdraw this excess heat through mold 

wall of the centrifugal casting machine to the atmosphere. Fig. 3 shows the variation of solidification time as a function of 

initial pouring temperature given that the mold was preheated to a temperature of 350 
0
C. The pouring temperature was taken 

between 1450 
0
C and 1500 

0
C. Within these range of pouring temperatures, the liquid cast completely solidifies between 57 

sec and 68 sec. 

 
Fig. 3: A graph of Solidification Time against Pouring Temperature 
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3.2 Effect of Mold Preheat Temperature 

Fig. 4 shows the plot of the solidification time as s function of the mold preheat temperature. From Fig. 4, it is evident that 

the time required for complete solidification of the casting increases with increasing initial mold preheat temperature. As the 

mold preheat temperature increases, the temperature gradient between the solid region and mold decreases, this in turn 

reduces the heat transfer rate. This results in longer time for complete solidification of the casting. Thus mold preheat 

temperature also has significant influence on the solidification time and solidification behavior of casting. Fig. 4 shows the 

effect of mold preheat temperature on the solidification time with the pouring temperature taken to be 1500 
0
C. The mold 

preheat temperature was taken to be between 250 
0
C and 350 

0
C. Within these range of mold preheat temperatures, the liquid 

cast completely solidifies between 63 sec and 68 sec respectively. 

 
Fig. 4: A graph of Solidification Time against Mold Preheat Temperature 

In comparing the result obtained in this work with the result obtained in literature, it was observed that the result obtained 

from the work was very accurate. In other to buttress this fact, the total solidification time obtained by fixed domain method 

has a range of value of between59 secs to 65secs, while by Variable domain method has a range of between of 90 secs to 100 

secs as mentioned in the work of [2]. The solidification time obtained in this research has a range of value of between63 secs 

to 68 secs. This is still within the limit of foundry practice which is between 60 secs to 120 secsas stated in [9]. 

4 Conclusion 

In this study, the finite element method has been used to obtain the total solidification time in horizontal centrifugal casting 

with consideration to the pouring temperature and the mold preheat temperature. The results obtained from the FEM were 

compared with the results obtained from the finite difference method and it was discovered that both results agrees. The 

result obtained shows that the finite element method is an efficient and accurate method. 
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