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Abstract 
 

Low pressure die casting (LPDC) is the preferred method to manufacture cost-effective automotive wheels. 

Cooling systems and channels of a low pressure die casting are critical to obtain better mechanical 

properties. Both steady-state and time-dependent (transient) Computational Fluid Dynamics (CFD) analyses 

of the cooling channels and the die cooling system, both in conjugate and solid-only models, are performed 

and the pipe flow part of the results are compared with the available experimental data. Pipes operate at a 

schedule transiently, therefore a complex time-dependent simulation is required. The aim is to construct a 

simplified approach in which only the solids (die and cast wheel) are considered and pipe cooling is 

represented by heat transfer coefficient distribution obtained from the much faster steady-state simulations. 

Successful results are obtained by significantly reducing the computational time while retaining a similar 

level of accuracy. Finally, cooling channels with eight different diameter stream-wise distributions are 

analyzed to explore their impact on pipe exit velocity and mass flow rate as a guidance towards future 

works. Wheels are cast with the simulated cooling system and are approved by mechanical tests. 
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1. Introduction 

 

In automotive industry, aluminum alloys are widely 

used because of their good mechanical strength and low 

weight. Lightweight aluminum castings reduce the 

emission values and energy consumption [1] [2]. High 

pressure die casting, gravity die casting and low 

pressure die casting (LPDC) are among the most used 

methods in the manufacturing of alloy wheels. LPDC 

utilizes Pascal’s pressure theory and is a preferred 

process for production of components with complex 

shapes like wheels and engine blocks due to its 

advantages in turbulence-free filling and heat 

treatability of material used [3] [4] [5]. The well-known 

Pascal’s theory states that a pressure change at any point 

in a confined incompressible fluid is transmitted 

throughout the fluid such that the same pressure change 

occurs everywhere in the confinement. Hence, pressure 

is essential to move the molten fluid in upward 

direction. LPDC molds consist of a bottom die, top die, 

usually four side dies, a runner and cooling channels as 

shown in Figure 1. Cooling channels are positioned 

within the top and bottom dies. There are two steps in 

LPDC method. The first one is the filling process and 

second is the solidification process. The molten 

aluminum is pressurized through the runner into the 

wheel cavity during filling. The molten metal is then 

solidified via air blown onto the inner side of the mold 

throughout the cooling channels. The geometry and 

performance of the cooling channels affect the casting 

quality and mechanical properties of the wheel. 

 

The cooling applied during die casting is still an 

immature topic and requires high technical knowledge 

[6] and recent studies are being carried out. As an 

example, Shahane et al. [7] considered modeling of 

solidification by numerical simulations and machine 

learning algorithms. The solidified metal properties are 

improved by optimizing water cooling locations. Neural 

Networks are employed to create a response surface for 

the finite volume solver while Genetic Algorithm is 

employed to optimize cooling locations. Patnaik Et al. 

[8] presented a similar study for the solidification in a 

cranckcase die casting. Both line and spot cooling (with 

water) were considered, and it was concluded that spot 

cooling (impingement cooling at critical regions [9] [10] 
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[11]) seem to offer a better alternative relative to line 

cooling, which is cooling with a closed loop cooling 

without impingement. Another work by Hu et al. [12] is 

among limited studies who conducted experiments for 

water cooling of die casting scenario. They presented 

the high amount of heat removal, especially at the 

beginning of cooling cycle. Mehr et al. [13] recenty had 

similar observations. 

 

Eck et al. [14] conducted experiments for natural 

convection with water, which may induce a softer 

cooling relative to forced convection and thus may 

reduce thermal stresses [15] [16] [17] [18]. Cells inside 

the molts are filled with continuously cooled water. The 

stationary water applies cooling by natural convection. 

The temperature field is obtained as the main findings 

of this study. 

 

In order to reduce thermal shocks during solidification 

of the molted metals, spraying lubricants is a promising 

method. Liu et al. [19] were among the pioneers to 

conduct specific experiments on water spray cooling 

applicable to die casting. They provided a 

comprehensive correlation of heat transfer coefficient as 

a function of droplet properties such as droplet 

diameter, velocity, etc. In another study on spray 

cooling of die casting, Sabau and Wu [20] have shown 

that even spray cooling creates significant thermal 

shocks during the initial stages of the spray.  

 

Air cooling is a viable alternative for controlled cooling 

of molted metal with softer cooling effect [21]. 

However, the topic is not mature and studies are highly 

limited in this area. This study considers air cooled 

LPDC as the solution to eliminate thermal shocks by 

lower but more steady cooling rates. Cooling channels 

are positioned on the top and bottom dies and air is used 

as the cooling fluid (Figure 1). A certain amount of air 

passes in the cooling channels according to the pipe 

diameter and supply pressure.  Computational Fluid 

Dynamics (CFD) simulations are utilized to model 

current cooling channels and the mass flow rate passing 

through it is obtained. With a parametric study, inlet and 

outlet pipe diameters of the cooling channel system is 

changed to achieve the maximum cooling velocity while 

also reducing or keeping constant the mass flow rate. 

 

 
 

Figure 1. Schematic of LPDC’s components (redrawn 

from [22]). 

2. Numerical Simulations 

 

The existing cooling channels have 4 mm outlet (jet) 

pipe diameter and 8 mm inlet (connection) diameter. 

The mid diameter is 12 mm as shown in Figure 2. 

ANSYS Fluent, a commercial cell-centered finite 

volume method solver is used for the CFD analyses. It 

is a commonly used and established software, employed 

for various purposes related to fluid dynamics [23] [24] 

[25]. 

 

 
 

Figure 2. A sample pipe network of the existing cooling 

channel system (color is for wall pressure). 

 

2.1. Turbulence Closure Model Selection 

The turbulence models built-in in the code such as k-ε 

realizable, k-ω, transition k-kl-ω, transition SST, 

Spalart-Allmaras are compared with respect to 

experimental results obtained in-house. Cooling 

channels are analyzed with each of these turbulence 

models to examine the accuracy of the CFD 

simulations. 

Total pressure (Pt) at the pipe inlet is measured with a 

manometer; and density, mass flow rate, volumetric 

flow rate and velocity of the air are calculated by using 

equations (1), (2), (3), (4), (5) and assuming the pipe 

exit static pressure (Ps) is atmospheric: 

 
-γ

2 γ-1s

t

P γ-1
=(1+ M )

P 2
           (2.1) 

V
M=

a
                                (2.2) 

sa= γRT                              (2.3) 

.

m=ρVA                                (2.4) 

.

V=VA                               (2.5) 

 

Table 1. Accuracy of turbulence model w.r.t 

experimental data 
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Table 1 compares different turbulence models with 

respect to experimental data. Here, Pt and Ps refer to 

total and static pressure, respectively.  is density and m 

is mass flow rate. V is volumetric flow rate and u is 

velocity. and it has been found that k-ε realizable model 

has the best correlation. Therefore, the k-ε realizable 

model is chosen. 

 

2.2. Conjugate Heat Transfer CFD Analyses of 

LPDC System 

 

This section discusses conjugate heat transfer (CHT) 

simulations of the die cooling system, where the 

temperature distribution on the dies is the main 

parameter of interest. The exit portions of the cooling 

pipe system are taken as the mass flow inlet for the 

conjugate die cooling scheme presented in Figure 3. 

Since only the exit portions of the cooling pipes are 

taken, the length of these are determined to maintain 

fully developed flow at the jet (outlet) location. Flow 

exit for the CFD are taken as the exits of cooling 

pockets, where an almost atmospheric pressure exists 

since there is no significant blockage prior to mixing 

with external atmosphere. Transient Reynolds averaged 

Navier-Stokes equations (RANS) for ideal-gas 

compressible air are discretized by finite volume 

method with second order upwind scheme for all 

parameters and second order implicit accuracy in time 

advancement [26]. 

 

 
Figure 3. Geometry of die in LPDC system. 

 

The mesh independency study was conducted in the 

cooling channels which are critical parts for the heat 

transfer and occurred impingement flow region in there. 

The different number of elements generated by 

changing body and face sizes and at constant mass flow 

rate how the mesh quality affects CFD simulation 

results.  720.000 number of elements chosen for one 

cooling channel in Figure 4. The error percentage is less 

than 1 both heat flux and velocity due to 2.5 M 

elements. Temperature (700K) has been defined to the 

wall of the cooling channels to compare heat fluxes. 

The conjugate heat transfer (CHT) allows the combined 

simulation of fluid and solid domains. Since pipes 

operate on a schedule transiently so the cooling 

channels operate for different periods, a transient 

analysis is required. A simplified approach is to only 

model solids, in which computational time can greatly 

reduce. In this case, heat transfer coefficient detailed 

profiles must be given in the impingement locations, 

which is the main difficulty. The mesh structure is 

created according to mesh independency study for the 

cooling channels and solid parts or dies are structured 

due to the fluid mesh structure as shown in Figure 5. A 

periodic model is considered due to geometrical 

periodicity. 

 

 
 

Figure 4. Mesh independency study. 

 

 
 

Figure 5. Mesh structure of die and outlets of the 

cooling channels. 

 

Figure 6 presents Mach number field in the cooling jets 

at an instant. The jet profiles are variable due to variable 

mass flow rate and pressure entering each cooling hole. 

Supersonic flow is obviously seen towards the exit of 

the jets, where overexpansion after the exit of the jet 

causes Mach numbers as high as 1.6. This flow regime 

changes with time based on the cooling schedule being 

applied. However, time dependent solution of the 

complete process is solved for the detailed conjugate 
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heat transfer approach. Figure 7 presents the 

corresponding Nusselt number field at the cooling holes 

at the same instant. Here, the reference length used in 

the Nusselt number is taken as the diameter of the 

cooling holes. The reference temperature is taken as the 

coolant inlet temperature. As expected, the impingement 

locations have the highest Nusselt numbers, and the 

Nusselt numbers reduces towards the outlets of the 

cooling holes. Some holes have zero Nusselt number, 

which indicates these local cooling mass flow rates are 

zero based on the cooling schedule. 

 

 
 

Figure 6. Cooling jet Mach number profiles. 

 

 

 
 

Figure 7. Nusselt Number distribution at the cooling 

holes. 

Figure 8 presents the variation of area weighted Nusselt 

number in the cooling hole as a function of coolant 

entry Reynolds number. The expected steep rise is 

obtained by the CFD simulations. Here, the nominal 

Reynolds number, which is realized when the nominal 

setting of the supply air compressor is selected (6 bars 

supply pressure).  

 

 
 

Figure 8. The simulated function of area weighted 

average Nusselts number as a function of coolant entry 

Reynolds number. 

 

For the simplified second alternative, heat transfer 

coefficient distributions are obtained from steady state 

full CHT analyses, disregarding the transient schedule 

and assuming all the pipes simultaneously operate, 

therefore analyses with much lower computational cost 

can be done this way. The obtained heat transfer 

coefficient distributions (which are similar to the ones 

presented in Figure 7, but the steady versions of them) 

are then specified in the solid-only model. The results 

for the both cases are presented in Figure 9 (a) and 

Figure 9 (b), respectively as a section. 

 

 
 

Figure 9. A section plane from 3D Conjugate Heat 

Transfer Analysis with time dependent solution. 
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The results are compared and there is no significant 

difference in temperature distributions. A probe point is 

placed inside the solid, close to coolant impingement 

region of one of the cooling pockets as shown in Figure 

9 by a star. Time evolution of temperature at this point 

is also observed for the two approached, which are 

presented in Figure 10. It is evident that the temperature 

distributions are the same for the two approaches. In the 

figures, the temperature scale is taken between 0-1 to 

represent a scale in between the minimum and 

maximum temperatures, respectively. 

 

 
Figure 10. Temperature time evolution at the probe 

point. 

 

2.3. Parametric Analysis of the Cooling Channels 

 

Once the conjugate heat transfer analyses with the 

existing pipe configuration is carried out, the cooling 

pipe system is considered to explore sensitivity of the 

mass flow rate and jet velocities as a function of pipe 

diameter distribution. Inlet and outlet diameters are 

parameterized as 1 and 3 while the connecting pipe 

diameter in between the inlet and outlet (2) is kept 

fixed.  

 

Those are presented in Figure 2. The inlet diameter is 

varied in 3 levels as Ø8-Ø10-Ø12 mm and outlet 

diameter is varied in 3 levels as Ø2-Ø3-Ø4 mm.  

 

Eight different configurations presented in Table 2 are 

analyzed in addition to the original (existing) design. 

Design No. 2 and 8 are the best-performing geometries 

in terms of minimal mass flow rate and inlet velocity, 

and maximal outlet velocity. Cooling channel is 

produced with accordance to design no 2 and the cast 

wheel had been verified by mechanical tests. The 

analyses show that even if the mass flow rate is reduced 

inside the channel, aluminum wheel can be produced 

without any casting problems. 

 

Figure 11 presents the Mach distribution in the existing 

reference geometry of cooling piping system originally 

presented in Figure 2. Figure 12 presents the design no 

2 results for the Mach number distribution. According 

to CFD analysis results, the inlet Mach (and hence the 

velocity) is decreased as shown by the blue region in 

Figure 12 relative to the yellow region in Figure 11. 

Outlet velocity is increased as shown in Table 2.  

 

Table 2. Results for the cooling channel CFD simulations. 

 

Design No. 
Cooling Channels 

Geometry 

Mass Flow Rate 

(m³/s) x100 

Inlet Velocity 

(m/s) 

Avg. Outlet Velocity 

(m/s) 

Reference (Existing) ∅8-∅12-∅4 6.26 226.89 334.87 

1 ∅8-∅12-∅3 5.44 181.51 352.15 

2 ∅8-∅12-∅2 2.96 88.45 356.64 

3 ∅10-∅12-∅4 9.02 198.02 351.18 

4 ∅10-∅12-∅3 6.38 126.49 356.20 

5 ∅10-∅12-∅2 3.03 56.93 355.97 

6 ∅12-∅12-∅4 10.00 139.89 352.49 

7 ∅12-∅12-∅3 6.40 84.97 354.04 

8 ∅12-∅12-∅2 2.83 39.56 356.99 

 
 

Figure 11. Mach number distribution for the original 

geometry. 

 
 

Figure 12. Mach number distribution for the cooling 

channel design no 2. 
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Flow separation is encountered in reference geometry as 

shown in Figure 11. This flow separation causes 

turbulent flow and additional pressure losses, resulting 

in a decreased exit jet velocity. On the other hand, the 

flow in the design no. 2 and design no 8 shown in 

Figure 12 and Figure 13 has much lower mass flow rate 

and favorable flow characteristics. Thus, due to reduced 

pipe diameter and losses, there is an increase in the 

velocity at the outlet. Design no 2 is selected as the 

modified (future) design, which is verified in another 

published work of the same reseach team [27]. 

 

 
 

Figure 13. Mach number distribution for the cooling 

channel design no 8. 

 

Pressure drop also occurs in the elbow as shown in 

Figure 14, which results in a decreasing mechanical 

energy along the pipe. This effect can occur to prevent 

the best cooling performance and cause abrupt change 

in velocity and pressure as shown in Figure 15. Sudden 

accelerations and subsequent sudden decelerations and 

flow separation zone can be identified in Figure 15. 

However, the elbow is kept unaltered due to field 

requirements. 

 

 
 

Figure 14. Elbow of the in-use geometry. 

 

 
 

Figure 15. Changing of velocity and pressure at elbow. 

Finally, the normalized (percent the inlet total pressure) 

and physical total pressure losses of the final pipe 

system (design no:2 in Table 2) is presented in Figure 

16. The variation of Reynolds number is established by 

altering the inlet total pressure. As expected, the 

increasing Reynolds number causes slightly less relative 

pressure losses. This is because viscous effects become 

relatively weaker and inertia effects becomes stronger 

(also friction factor reduces as Reynolds number 

increases, here CFD captured this trend). On contrary, 

the physical (non-normalized) pressure loss increases 

with Reynolds number, primarily due to increase in 

velocity.  

 

 
 

Figure 16. Normalized and physical pressure losses in 

design no 2. 

 

3. Conclusions 

 

This study describes the method to conduct a conjugate 

heat transfer (CHT) simulation in a die cooling system, 

which received very limited attention in the open 

literature. Initially, selecting optimal turbulence model 

based on pipe flow experimental data and corresponding 

pipe CFD analyses and the computational model is 

discussed. Once these are established, time consuming 

full CHT and the much faster simplified solid-only 

transient heat transfer analyses of the die cooling system 

are compared. These comparative studies indicate solid-

only simulations taking detailed impingement heat 

transfer coefficient profiles from steady-state CHT 

analysis (much faster than the transient CHT due to the 

steady-state solution) as inputs had yielded to similar 

accuracies relative to the more time consuming fully 

transient CHT analyses. Therefore, even if the pipes 

operate on a schedule transiently, heat transfer 

coefficients relative to the steady state case in which all 

pipes operate simultaneously does not significantly 

change. Therefore, solid-only simulations can be 

performed based on the pipe cooling schedule 

transiently. Moreover, after the system simulations with 

the existing pipe system, pipe-only domain (ending at 

jet exit assuming atmospheric discharge pressure) is 

considered. Parametric investigation of stepwise 

diameter distribution along the flow direction has been 

conducted in order to obtain a design with maximum 

possible outlet velocity with minimum mass flow rate as 

a guideline towards future works. In this regard, the 
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pipe system design no 2 is selected as the final 

configuration and the wheels cast with this cooling 

system are approved by mechanical tests. 
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