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1. Introduction 
 
The highest gas turbine efficiency is achieved today with single-crystal (SX) or directionally solidified 
(DS) blading material, commonly produced in a Bridgman furnace. The Bridgman process is controlled 
by time dependent parameters (withdrawal speed, heater temperatures), which are ideal for the 
application of numerical optimization [1]. In addition the blade casting is the most expensive process 
during the manufacturing of a turbine making a reduction of the fabrication costs by optimization very 
interesting for the industry. 
 
In the first year a preliminary optimization loop has been developed based on the validated casting 
simulation tool CASTS [2]. Goal of the optimization was an improved withdrawal profile for the 
Bridgman process of a cluster of 3 SX blades. The simulation results were evaluated by 4 criteria: 

• the probability of local freckle formation; 
• the degree of curvature of the solidification front; 
• the ratio G/v (temperature gradient over solidification speed) must be greater than a critical 

value (~600 K/s), describing the transition from columnar dendritic growth to an equiaxed 
grain structure; 

• the process time. 
 

These criteria where combined to one objective function by a weighted sum of the normalized 
individual values, integrated over the whole structure. As optimization strategies the Global 
Convergent Method (GCM) [3] of BOSS Quattro and a Derandomized Evolution Strategy (DES) [4] 
developed at the Informatic Center Dortmund were used. First results showed, that both GCM and 
DES lead to improved withdrawal profile in respect to the used optimization criteria.  But the best 
withdrawal profile found by the DES lead to a long process time and a freckle tendency. Thus the 
objective function did not lead to improvement in respect to all criteria. 
  
In order to achieve a better definition of the optimization goal, a new formulation has been developed 
for the first three optimization criteria, the freckle probability, the curvature of the solidification front and 
the G/v ratio. In the new formulation these criteria are evaluated by counting the number of “bad” 
nodes, i.e. nodes with freckle probability, the curvature of the solidification front is above 20° or the 
G/v ratio is below 600 K/s. The criteria can be tuned by changing the limits (20°,600 K/s). 
 
 
2. New metamodel-assisted optimization strategy 
 
Another problem with Evolution Strategies for the optimization of process parameter is the high 
number of solutions needed to find an optimum. Until now the derandomization was used to reduce 
this number to a practical size below 100. For a further reduction a metamodel-assisted optimization 
strategy was developed in the first half of 2003. The metamodel based strategies are compared with 
the standard downhill simplex algorithm [5] and the derandomised evolution strategy (DES) 
used so far [6]. For this comparison a simplified blade was used, which can be simulated with in one 
hour. The results showed that the metamodel-assisted evolution strategy MA-DES outperforms 
classical methods with respect to the results obtained with the same number of precise evaluations.  
 
 
 
3. Application of the MA-DES to a industrial turbine blade 
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In this period we applied the MA-DES to the optimization of an industrial turbine blade, the cluster of 3 
SX blades mentioned above. For this optimization the way, in which the three criteria freckles, G/v and 
curvature are combined, was improved. Nodes, which don’t fulfill the criteria mentioned above, where 
not simply counted as before but weighted by the volume, which can be assigned to the node by the 
CASTS control volume approach. An additional factor was introduced to reflect that a few nodes with 
freckles are equally bad as several nodes with a too high G/v value and many nodes with a wrong 
curvature.  Figure 1 shows the old criteria, where nodes are just marked, and the new weighted 
criteria. 
 

 

 
Figure 1: Improved optimization criteria by a weighting of nodes by the assigned control volume and 
an additional criteria weighting factor. 

 
The objective function was defined as follows (see also figure 2): 
As long as the process time is above 10000 s and bad nodes exist, the weighted sum of the freckle, 
G/v and curvature criteria are added to the process time to give the objective value. If the process time 
is below 10000 s the weighted sum plus a fix value of 10000 is used as objective function. A process 
time of 10000 s is assumed to be acceptable and the optimization focuses on the improvement of the 
blade quality by reducing the number of bad nods. If a high quality blade with no bad nodes is 
achieved the optimization can again try to reduce the process time. There for the process time in 
seconds becomes the objective function, when all bad nodes are removed. 

 
Figure 2: Objective function definition 

 
Figure 3 summarizes the result of the optimization of cluster of SX blades. The withdrawal profile was 
discretized using 6 velocity values at the withdrawal positions: 6 cm, 20 cm, 28 cm, 36 cm, 44 cm and 
60 cm. The left upper plot shows the convergence of the MA-DES. The dotted red line gives the result 
of each simulation, while the full red line shows the objective value of the best solution so far. After a 
significant improvement within the first 12 simulations the optimization could not yield further 
improvements after 40 simulations and the process was stopped. A withdrawal profile which yields no 
bad nodes could not be obtained within 45 simulations. For the main improvements found, the blades 
with the marked bad nodes are plotted below the convergence plot (the color of the frame of the plots 
gives the position on the convergence curve). The improvements found in the objective function can 
obviously not be visualized by simply marking the bad nodes on the surface of the blade.  
For comparison the turbine blade was also optimized by a downhill simplex (DS) algorithm. The DS 
starts with a rather good solution but finds no further improvements. 
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Figure 3: Result of the optimization of an industrial turbine blade. 

 
The right plot of figure 3 shows the resulting withdrawal profiles. Starting from an initial guess the MA-
DES finds the main form of the withdrawal profile with 20 simulations. The withdrawal velocity should 
be small around 3 mm/min at the beginning of the process. The velocity can be increased to 6 mm/min 
in the range of the blade itself. For the solidification of the thick basis of the blade slow velocities 
around 3 mm/min are again necessary. For the last centimeter of the process the velocity can by high 
to reduce the total process time. Compared to a withdrawal profile designed by a casting engineer the 
numerical optimized withdrawal profile leads to a higher quality of the blade within a shorter process 
time.  
 
4. Conclusion 
 
The MA-DES was successfully used to optimize the withdrawal profile of the Bridgman process for 
casting industrial turbine blades. The result of the optimization is a withdrawal profile which leads to a 
higher quality of the turbine blade and a shorter process time compared to a withdrawal profile 
designed by hand. For the future the objective function definition has to be further adjusted to the 
needs of the casting engineers and a discretization of the withdrawal profile with more than 6 
velocities would be desirable.  
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