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INVESTIGATION OF THE COOLING SYSTEM EFFICIENCY IN 

ALUMINUM LOW PRESSURE DIE CASTING 

ABSTRACT 

In this thesis, the flow rate of air coolers used in low pressure casting method is 

examined. Low pressure die casting (LPDC) method is used for many types of 

products. Light alloy wheels, motor housings and pistons are examples of these 

products. Air-cooling is used to provide directional solidification to avoid casting 

defects on the casting part. In this study, the flow rate of air-cooling is calculated by 

using computational fluid dynamics (CFD) methods. After the numerical calculations 

were confirmed by experimental methods, the affect of the variables on the cooling 

system flow rate was measured with different numerical experiments by changing the 

number of cooling inlets, number of cooling outlets and cooling pressure. Results 

showed that the pressure is the most effective variable on flow rate, Inlet and outlet 

counts are effective on flow rate. To reduce cycle time of casting and provide energy 

efficiency inlet and outlet counts must be optimized to have maximum flow rate. The 

effects of optimized cooling on the microstructure and material properties of the 

castings were investigated numerically. According to the results, it was observed that 

optimized cooling designs had better microstructure and material properties. 
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ALÜMİNYUM ALÇAK BASINÇLI DÖKÜM İŞLEMİNDE SOĞUTMA 

SİSTEMİ VERİMİNİN ARAŞTIRILMASI 

ÖZET 

Bu çalışmada, düşük basınçlı döküm yönteminde (ABDY) kullanılan hava 

soğutucularının, akış hızları incelendi. Alçak basınçlı döküm yöntemi birçok ürün 

tipi için kullanılır. Hafif alaşım jantlar, motor gövdeleri ve pistonlar bu ürünlere 

örnektir. Hava soğutma, döküm parçasındaki döküm hatalarını önlemek için, yönlü 

katılaşma sağlamak amacıyla kullanılır. Bu çalışmada, hava soğutmalarının akış hızı, 

hesaplamalı akışkanlar dinamiği (HAD) yöntemleri kullanılarak hesaplanmıştır. 

Sayısal hesaplamalar deneysel yöntemlerle doğrulandıktan sonra, soğutma 

girişlerinin sayısı, soğutma çıkışlarının sayısı ve soğutma basıncı değiştirilerek, bu 

değişkenlerin, soğutma sisteminin debisi üzerindeki etkileri farklı sayısal deneylerle 

ölçülmüştür. Sonuçlar, basıncın debi üzerinde en etkili değişken olduğunu, Giriş ve 

çıkış sayımlarının debi üzerinde etkili olduğunu göstermiştir. Döküm çevrim süresini 

azaltmak ve enerji verimliliği sağlamak için giriş ve çıkış sayıları maksimum akış 

hızına sahip olacak şekilde optimize edilmelidir. Optimize edilmiş soğutmaların, 

döküm parçaların mikroyapı ve malzeme özelliklerine etkisi numerik olarak 

incelenmiştir. Elde edilen sonuçlara göre optimize edilmiş soğutma tasarımlarının 

daha iyi mikroyapı ve malzeme özelliklerine sahip olduğu gözlemlendi. 
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1. INTRODUCTION 

1.1 Aim and Objective of the Thesis 

The scope of this thesis is using scientific explanation of the cooling system and 

numerical methods to calculate the efficiency of the cooling systems. Air and/or 

water cooling channels are used for LPDC process. Air cooling channels are used for 

LPDC process in this thesis. 

Cooling channels affect many of the properties for Aluminum low pressure die 

casting process such as microstructure quality, mechanical properties and 

productability of the casting part. More efficient cooling system means higher quality 

casting products.  In this thesis the effect of the cooling efficiency on material 

properties are investigated. To understand cooling system efficiency, cooling rate of 

the casting part and effect of cooling rate on mechanical properties (elongation, 

tensile and yield strength), micro structure properties (SDAS) and casting quality 

(fraction of the eutectic phase) are investigated. 

Cooling system efficiency could change according a lot of cooling system variable 

such as cooling system media (air, water, and oil), Cooling system flow rate, coolant 

temperature and cooling system process parameters. In this thesis, cooling system 

flow rate investigated according to cooling system parameters that affecting cooling 

system flow rate, for nozzle air jet cooling system. Cooling system inlet and outlet 

count and cooling system pressure are accepted as a variable for investigation. The 

investigation is made for finding a numerical solution for optimized cooling system.  

The aim of this thesis is to investigate the flow rate of the cooling systems of Low 

Pressure Die Casting (LPDC) Method by optimizing the inlet number, outlet number 

and system pressure in the jet type mold cooling pipe. Optimized results are 

numerically investigated in order to find best solution for casting proses cooling 

efficiency. To examine process efficiency for casting process, cycle time for casting 

process and quality of casting that correlated with variables mentioned above, with 

different cooling system parameters numerically investigated additionally. 
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1.2 Theoretical Background 

1.2.1 Aluminum casting methods 

There is the growing demand for aluminium alloys in automotive industry, because 

of the unique properties of aluminum such as low density, specific strength, good 

fatigue and corrosion resistance [1]. Aluminium casting industry has big importance 

for automotive producers. The low density of Aluminum is a big opportunity for 

weight reduction which has a big interest from the automotive industry [2]. Twenty 

years ago about %2 of the stock cars were made of aluminum in Europe, now this 

amount is over %80 [1]. For instance, a 90 kg weight reduction for automotive 

industry means 0.43 km/liter less fuel consumption and significant fuel efficiency 

improvement. According to researches, using aluminum and magnesium instead of 

steel can reduce the weight of the cars around %50 [2]. So, Aluminium casting 

industry is growing to meet this demand. There are many different casting methods 

for automotive industry such as high pressure die casting, low pressure die casting 

(LPDC), permanent mold casting and sand casting which are best known methods. 

The method of casting could change according to different criterias. These criteias 

are related to casting design, mechanical property requirements, physical property 

requirements, Process requirements and economics [3]. Some of these casting 

methods are summerized below. 

Automotive manufacturers develop car parts, which must be safe, lightweight, 

meeting environmental laws and gaining competitiveness [4]. One of the main 

lightweight automotive components is wheels. Light alloy wheels reduce the vehicle 

weight, and the most used production method for light alloy wheels is LPDC.  Light 

alloy aluminum wheels are more attractive than steel based wheels for automotive 

industry, cause of their lightness and cost [4]. 

1.2.1.1 Gravity casting  

Today, gravity casting is the most used method for most of the foundries since this is 

one of the most economic casting methods. Different types of the gravity casting 

methods are: 

a. Gravity casting of open mold: Some casting parts do not need back side 

finishing as seen in Figure 1.1 (a). In this case, casting can be done using an 

open mold [5]. 
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b. Gravity pouring of closed molds: Generally, molds made of two parts are 

used in casting processes as shown in Figure 1.1 (b). Sprue starts from top 

and the end of the sprue is on bottom part. The bottom part (the drag) forms 

the base of the casting, and the top half (the cope) forms the top of the casting 

[5]. 

 

Figure 1.1 : (a) An open and (b) a closed mold partially sectioned [5]. 

c. Two-stage filling (priming methods): A lot of trial for two staged filling 

process have been made over years. For two staged filling first the sprue will 

be filled after that filling start with runner and gates, etc. (Figure 1.2(a)) [5]. 

d. Vertical stack molding: Molding is done with many molds placed on top of 

each other. Filling is done from the top (Figure 1.2(c)) [5]. 

e. Horizontal stack molding (H process): The molding is done by means of 

horizontal molds. The filling starts from the front and fills the casting cavity 

of each mold one by one (Figure 1.2(b)) [5]. 
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Figure 1.2 : (a) Sequential filling for a number of impressions on a pattern plate (b) 

Sequential filling for horizontal stack molded castings (H Process). (c) Vertical stack 

molding [5]. 

1.2.1.2 Horizontal transfer casting  

For the solution of the top filling problem, which is a big quality problem in filling of 

the mold, many studies have been done on horizontal and anti-gravity filling 

methods. Some of these studies are: 

a. Level pour (side pour): Level pour method is found by Erik Laid in 1978. 

With this method high quality cast products have been produced. The 

working system of the mold is shown in figure 1.3. During the casting of 

longer parts, quality problems caused by top filling method have been tried to 

be prevented. In this method, there is a casting runner around the mold that is 

similar to the water canal and provides filling from both sides. This casting 

runner can move up and down. Insulation is provided in the areas where the 

ingates are located which prevents leakages during filling [5]. 

During filling, the mold is moved slowly downwards with the electric motor. 

In this way, filling is started from the bottom of the mold. As the filling 

continues, the water chillers placed under the ingates of the casting system 

allow the metal to solidify. In this way, while the mold continues to fill, the 

open slots become solidified. With this filling method, a slow and controlled 

filling is provided from the bottom up [5]. 
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Figure 1.3 : Level pour method [5]. 

b. Controlled tilt casting: Controlled tilting casting method provides a more 

controlled filling. In this filling method, a filling basin is positioned 

horizontally. The mold is positioned slightly angled with respect to the filling 

basin (Figure 1.4). If the mold system is tilted in a controlled manner, the 

filling time and filling speed will be controlled. As a result, a better quality 

filling will be provided [5]. 

 

Figure 1.4 : Controlled tilt casting [5]. 
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c. Roll-over as a casting method: In general, it is a casting method in which 

the melting system works together with the mold system. The whole 

assembled system, during casting, rotates swiftly through 180⁰. This method 

is widely used in the investment casting method (Figure 1.5) [5]. 

 

Figure 1.5 : Roll-over as a casting process [5]. 

d. Roll-over after casting (inversion casting): The inversion casting method is 

not actually a tilting casting method. In fact, it is mostly used to help the 

solidification. After the normal gravity casting process, the whole assembly is 

rotated 180⁰. Thus providing the feeding support to the casting part when the 

part solidifies at a controlled temperature (Figure 1.6) [5]. 

 

Figure 1.6 : Roll-over after casting (inversion casting) [5]. 
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1.2.1.3 Counter-gravity casting 

“Counter-gravity casting” or in other words “counter-gravity pouring” is developed 

for to avoid the fundamental problems of gravity casting. Controlled filling 

parameters let the filling process to be more stable. There are two types of counter-

gravity casting [5]; 

a. Low pressure die casting (LPDC): The most widely used method is the low 

pressure casting method, which provides the liquid metal to rise in a riser tube by 

pressurizing airtight furnace with dry air or inert gas. (Figure 1.7(a)). LPDC 

process is popular in wheel production. At chapter 1.2.3 this process will be 

investigated boardly. 

b. Liquid metal pumps: The filling method using the pump is one of the most 

controlled filling methods. Many types of pumps can be filled with liquid metal, 

and the characteristics of these pumps are evaluated with volumetric flow graphs. 

The idea of filling with electromagnetic liquid metal pumps is to create flow in 

riser tubes with magnetic forces, then filling mold cavity with that way (Figure 

1.7(b)). The liquid metal pumps will let the flow control to stable filling process 

[5]. 

 

Figure 1.7 : Counter-gravity castings by (a) Conventional low-pressure casting 

machined using a sealed pressure vessel; (b) Electromagnetic pump in an open 

furnace [5]. 
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1.2.1.4 Centrifugal casting  

Casting on a rotating centrifuge table is commonly used for alloys based on Ti and 

Nb. The melting furnace and rotating table are enclosed in a vacuum chamber. Molds 

to make shaped castings are placed around the periphery of the centrifuge, and are 

connected by a spider of radial runners to a central sprue. This is called as centrifuge 

casting [5]. 

1.2.1.5 Pressure-assisted casting  

It is known that the increase in the pressure in casting methods shortens the 

solidification time. This has a positive effect on mechanical properties. 

The positive effect of the high pressure applied during the casting to the mechanical 

properties reduces the effect of casting defects caused by fast and turbulent filling on 

the mechanical properties of high pressure die casting (Figure 1.8). Squeeze casting 

and counter pressure casting methods do not have as much casting defects unlike 

high pressure casting. These casting methods have tolerable casting defects. In this 

case, better mechanical properties can be obtained by compression casting method 

[5]. 

 

Figure 1.8 : Vacuum delivery systems to the shot sleeves of pressure die-casting 

machines (a) horizontal cold chamber [5]. 
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There are two kinds of squeeze casting method. The squeeze casting method involves 

forming a semi-solid casting material with a high pressure. In this way the pores in 

the material can be closed. In addition, high heat transfer between the mold and the 

casting part, which is formed by high pressure, is ensured to develop in the 

mechanical properties of the casting material. 

There are a lot of casting methods that have much in common with this shaping 

technique. Their common features are the loading of the liquid metal into the bottom 

half of an open die or mold, and the subsequent closing of the die or mold so as to 

displace the liquid into the extremities of the cavity (Figure 1.9). 

 

Figure 1.9 : Squeeze casting [5]. 

1.2.1.6 Investment casting 

The investment casting method is mainly used in the production of special and 

complex parts for the aviation and biomedical sector.  Filling method is not a very 

good method in terms of casting quality. It is one of the casting methods using 

ceramic mold. The models are made of wax before and this model is immersed in 

liquid ceramic. Once the liquid ceramic is solidified, ceramic is placed in an oven 

and the wax is removed by heating. The filling is made into the casting cavity formed 

in the ceramic (Figure 1.10) [6]. 



10 

 

Figure 1.10 : Investment casting [6]. 

1.2.2 Low pressure die casting (LPDC) process for automotive industry 

LPDC is a casting process that filling sequence is applied against gravity. Mold 

material can be either sand or metal. Low-pressure die casting (LPDC) process is the 

most used production method for light alloy wheel production [7] since it helps to 

produce high quality parts and have low cost production. The LPDC machine has 

two main components; the mold, cooling system and moving parts, like pistons 

which are connected to mold parts to open and close mold casting cavity, are placed 

above the machine construction. These are molding parts of the LPDC Machine. The 

riser tubes, which provide liquid metal flow towards to mold, placed under the 

molding parts and connected to the holding furnace. The holding furnaces are the 

pressure vessels that are generally electrically heated. 

Process starts with pressure increase in the holding furnace. Dry air or nitrogen gases 

are sent by pressurization system into the holding furnace. Holding furnaces are the 

airtight and the pressure increase according to pressurization system pressure which 

is set by casting operators. With increasing pressure molten metal rises in the riser 

tubes through mold cavity. At the end of the riser tubes, there is a casting gate which 

is connected to mold cavity. The molten metal comes from the casting gate through 

the mold cavity. The pressure increase until mold cavity completely filled with 

molten metal. After filling sequence completed, solidification sequence starts. With 

mold and cooling systems, the molten metal solidifies until the casting gate and the 

pressure reduce when time comes which casting operator set. Then the mold opens 
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and the solidified casting part is removed from the mold. Figure 1.11 shows 

schematic of the simple LPDC setup. 

 

Figure 1.11 : Low pressure casting setup [8]. 

1.2.2.1 Melt preparation 

Melt preparation is the first stage of the casting process. A356 (AlSi7Mg) is 

generally used aluminium alloy for light alloy casting wheels (Table 1.1). 

Table 1.1 : Alloy composition of typical A356 aluminium alloy [8]. 

 

Aluminum ingots are melted in shaft type melting furnaces. There are two type 

ingots for this operation. They are the primary aluminium ingots that come from 

aluminium ingot production company which makes aluminium ingots from ore and 

secondary aluminium ingots that comes from internal sources that remelting 

aluminium scraps and chips. After melting process completed, liquid aluminium is 

poured into ladels. 

Melt treatment process follow the melting process. Three treatments are needed 

before the casting process.  They are degassing, fluxing and alloy addition. The short 

descriptions of these treatments are summarized below. 



12 

Degassing – The molten aluminum has a very high hydrogen gas solubility which 

can be absorbed from the humid environment in ambient air. The hydrogen gas 

dissolved in the aluminum alloy can then result in gas pores in the casting products. 

Therefore, the molten metal must be degassed [8]. 

Fluxing – "Fluxing" is a common term used in the casting process to describe the 

addition of chloride or fluoride-based salt. Cleaning of the metal is achieved by the 

addition of the flux salt which reacts with the non-metallic closures in the melt. This 

reaction then forms a cluster called slag, which can be separated from the melt [8]. 

Alloy addition – Three main types of aluminium master alloy [8]. 

Al-Mg: To have required mechanical properties Mg is added to A356 Aluminum 

alloy [8]. 

Al-Sr: Strontium is added to have fatigue strength for aluminium silicon alloy. 

Strontium affects eutectic structure as a modifier to have globular structer [8]. 

Al-TiB: Titanium boride is a nucleation enhancer for A356 alloy. Titanium boride 

added to A356 alloy to have finer microstructer. Finer microstructer causes higher 

mechanical properties. In addition, Titanium boride increases fluidity of aluminium 

silicon alloy [8]. 

1.2.2.2 Solidification sequence and cooling channels 

Solidification begins after mold cavity is completely filled. In order to obtain the 

desired mechanical properties and the shape, solidification must be controlled. For 

wheel casting, to avoid shrinkage porosity, directional solidification must be 

provided with controlled process parameters [9]. Figure 1.12 shows the desired 

solidification direction for aluminium alloy wheel casting. 

 

Figure 1.12 : Directional solidification [8]. 
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Macro or shrinkage porosity generally occurs when directional solidification is not 

achieved, which causes the encapsulation of the liquid in situations [7]. Shrinkage 

porosity occurs due to the density change between liquid and solid phases. This 

porosity will not vanish, but if desired directional solidification is reached, shrinkage 

porosity will be at the sprue where the casting defects not important for final product. 

The main cause of shrinkage porosity is based on physical changes that occur during 

solidification. Due to the difference in density between the solid and the liquid state 

of the casting material, shrinkage of 7% occurs in volume. As a result, if the 

solidification cannot be achieved in a directional manner, pores are formed in the 

casting material. Directional solidification means removal of the reduced volume by 

liquid metal during solidification. The liquid metal to complete the decreasing 

volume is called "feeding". If sufficient feeding is not achieved during casting, 

discontinuities and pores are formed in the casting part [8]. 

With directional solidification, desired feeding can be provided. Figure 1.13 is an 

example of casting geometry where desired directional solidification may occur. As 

the thickness of the section and the mass of the casting parts increases, the 

solidification time increases. As can be seen in Figure 1.13, the solidification time at 

point A is less. At the points B and C the solidification time is longer. In this case, 

after the solidification has started at point A, it provides the feeding effect provided 

by point C, the absence of casting cavity in the point B.  

 

Figure 1.13 : Illustration of ideal unidirectional solidification in a simple shaped 

casting [8]. 
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An example of non-directional solidification is the cast geometry, which can be seen 

in Figure 1.14. It can be seen in Figure 1.14 that the point of solidification of point A 

is greater than point B. As a result, when solidification begins at point A, there will 

be no feeding effect to cover the volume change caused by shrinkage. Because the B 

point is already solidified; the point A will not have enough liquid metal to feed point 

A. Result of this situation, at point A, shrinkage porosity may occurs.  

 

Figure 1.14 : Illustration of undesired non-unidirectional solidification in a simple 

shaped casting [8]. 

To make directional solidification; solidification of the metal must be controlled with 

air or/and water cooling channels which are assembled to the die structure. There are 

a lot of cooling channels which work with predetermined parameters [10]. The 

parameters of the cooling sequence can be applied as time controlled or/and 

temperature controlled. The cooling channels which are using the forced air can be 

controlled by mold temperature, the flowrate in the piping system, or the cooling 

time that cooling channel active [11]. The cooling channels are not effective on cast 

part directly, but effective on mold surfaces, to change mold temperature locally. To 

obtain directional solidification in a low pressure die casting, cooling channels are 

changed local die temperatures [10]. Equation 1.1 shows the heat transfer between 

contact interfaces. Figure 1.15 illustrates heat transfer phenomena between mold and 

molten metal.   
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𝑸 = 𝑯 𝒙 𝑨 𝒙 ∆𝑻                                                  (1.1) 

Where; 

Q = thermal energy (watt) 

h = Heat transfer coefficient (W/m
2
. K) 

A = Contact area (m
2
) 

ΔT= Temperature differences between interfaces which heat transfer occurs (T1-T2) 

(K) 

 

Figure 1.15 : Heat transfer between mold and casting metal. 

According to the equation, for Figure 1.15, if ΔT is higher, heat transfer will increase 

form molten metal to mold. If the ΔT close to 0, heat transfer will be close to 0. As 

we know, molten metal will be hot, so to increase heat transfer, or in other word to 

make faster solidification mold must be cooler. Cooling channels make mold 

interface cooler, therefore if cooling channels are opened at the right time and the 

duration of the cooling sequence is enough for solidification, directional 

solidification will occur. 

In addition, cooling channels have significant effect on cooling rate. Also, the 

mechanical properties of the casting will improve more because of the higher cooling 

rate [12]. Cooling rate is the average temperature change for unit time for 

solidification. The refinement of metal structures changes with the solidification rate, 

and thus, has an important role on mechanical properties of the casting [13]. To reach 

directional solidification and maximize cooling rate, the efficiency of the cooling 

channels must be maximized, and cooling time must be optimized. This thesis 

focused on the efficiency of the cooling channels with optimizing flow rate and the 

effect of the cooling rate on mechanical properties and material properties. 
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In LPDC process of wheel production, generally air or/and water cooling is used for 

cooling the mold. In wheel casting, different types of cooling channels are used for 

LPDC Process, as shown in Figure 1.16. 

 

Figure 1.16 : LPDC process cooling channels. 

In order to obtain directional solidification and high cooling rate for cooling design, 

locations and efficiency must be optimized. Cooling channels with forced coolant is 

the fast and effective metod to change temperature gradient of the casting . Cooling 

channels for LPDC casting are nozzle type cooling. Compressed air flows through 

pipeline. At the end of the pipe line there is a nozzle system, from which the air goes 

out and impinges the mold outer surface. Impinging jet has an excellent heat transfer 

properties that widely used in heating and cooling applications [15]. In order to 

understand nature of this cooling type, literature research made on compressed flow, 

nozzle cooling and numerical methods for compressed flow. 

LPDC air cooling channels are working with compressed air systems. After the 

compressor, dryer and filter systems prepare the air for the usage. Pipelines let the 

compressed air flow through the collectors and valves [16]. Figure 1.17 shows 

simple compressed air preparation system. The cooling channels set to be on, then 

valves let the compressed air goes through nozzle and air goes out with high velocity. 

This high velocity air causes impingement air jet to the mold wall and mold will be 

cooled. 
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Figure 1.17 : Simple compressed air preparation system [16]. 

Liquid or gas flow is a heating, cooling and fluid distribution solution for industrial 

applications. A typical piping system contains different sizes of pipes connected to 

each other by various piping connecting system to guide fluid flow, valves control 

the flow rate, and pumps pressurize piping system with fluid [17]. 

Different cooling systems and their cooling efficiencies are summarized in Figure 

1.18. When low cooling capacity is needed, air-cooling, which has slow flow 

properties to remove heat from hot surface, is widely used. The cooling performance 

can be increased with larger cooling surface area or higher flow rate for cooling air 

through the hot surface [18]. 

 

Figure 1.18 : The efficiency of the different cooling types [18]. 
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An impingement cooling system is sequenced nozzle array to make heat transfer with 

impact on a surface that needs cooling or heating. Nozzle system can be separated as 

two class as a submerged jet or a free jet. If the fluid has the same density with 

surrounding environment then the jet is called as “submerged”. If the fluid has a 

different density with surrounding environment then the jet is called as “free” [19]. 

Figure 1.19 is the illustration of the nozzle system which is used for LPDC process. 

The nozzle system has the impinged jet that causes a large amount of heat and mass 

transfer. So, nozzle cooling systems have many industrial usages for heating and 

cooling applications, e.g. drying of paper, cooling of photovoltaic cells, deicing of 

aircraft wings, annealing of metals, heat exchangers in automotive and aeronautical 

applications, cooling in grinding process or cooling of gas turbine blades [19].  

Pressurized air comes from the piping system as illustrated in Figure 1.19. Due to the 

high pressure inside the pipe, the air exits the nozzle tip at high speed and impact to 

the mold surface. The flow in the pipe is defined as an internal compressible flow.

 

Figure 1.19 : Illustraion of the nozzle cooling system [19].  

Heat transfer due to impact of air from nozzle depends on many parameters such as 

the distance to the cooled surface, the distance between the nozzles and the geometry 

of the nozzle affect the heat transfer. As shown in Figure 1.20, gas jets are typically 

discharged into a quiescent ambient from a round nozzle of diameter D or a slot 

(rectangular) nozzle of width W.  Near the nozzle exit the jet flow is turbulent and 

has a uniform velocity profile. However, at longer distance between nozzle exit and 

impact surface, momentum exchange between the jet and the ambient causes the free 

boundary of the jet to protect homogenous velocity profile with changing the center 

of the flow. Downstream of the center flow, the velocity profile is not homegenous 
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over the all flow cross section and the maximum velocity decreases with increasing 

lenght between the nozzle exit and the impact surface. If the surface that jet impacted 

is not effective on flow properties, this condition is called as a “free jet”. 

Within the stagnation or impingement zone, flow properties be affected by target 

surface and the velocity decrease at normal axis (z) and will increase transvers axises 

(r or x).  However, when flow continues from nozzle exit to impact surface, 

momentum of flow affected by not moving enviroment and in the stagnation zone, 

flow changes and returned to decelerating wall jet.  Hence, at longer r or x lenghts, 

velocity vectors parallel to the surface and the velocity magnitude changes from 

decay zone to wall jet velocity. The velocity profiles of the wall jets are defined by 

zero velocity at both the impact zone and free surfaces [20]. According to this, 

boundaries that near the wall and ambient areas that have no momentum, flow has 0 

m/s velocities. Velocity profiles has local maximum at the center and losses energy 

when distance increases as shown in Figure 1.20. 

 

Figure 1.20 : Surface impingement of a single round or slot gas jet [20]. 

In this study, the shape of impact or nozzle type will not be examined. If the flow 

rate increases, the amount of coolant used will increase.  Thus, heat transfer between 

cooling air and mold wall calculated according to flow rate.  

According to Hosain et al. [21], at the constant temperature wall that jet impacted, 5 

different flow rates shows different heat flux from the wall surface. Also, heat flux 

and the flow rate are almost linear and increasing with each other, as shown in Figure 

1.21. 
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Figure 1.21 : Average surface heat flux for different flow rates [21]. 

As a result, in this research, the effect of pressure, outlet number and inlet number on 

the flow rate is numerically investigated with assuming that heat transfer would 

increase with the increase of flow rate. 

1.2.3 Compressible flow and numerical approaches 

High cooling efficency means lower flow rate, less machinery investment (e.g. 

piping and pumps) and has good protection on the lifetime of the production tool and 

even on the quality of the product [21]. Engineering research on heat transfer is 

important for termal studies. The demand for the energy sources is increasing 

rapidly. Termal systems with high efficiency of the cooling systems are important for 

energy saving [22]. Therefore, many experimental and numerical studies on 

compressible flow are made. In the following captions, literature is given in view of 

these studies. 

1.2.3.1 Compressibility and compressible flow 

The compressibility of the fluids is simply the amount of change in the fluid density 

of the pressure change. Gases are, in general, very compressible. On the other hand, 

liquids have limited compressibility. According to gas dynamics, pressure and 

temperature changes important for compressible fluid flow [23]. 

General assumptions for compressible flow; 

• The gas is continuous, the motion of the molecules are individual. 

• Chemical changes are not considered. 

• The gas obeys the perfect gas laws. 
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• The specific heats at constant pressure and constant volume are both constant. 

• The gravitational forces are negligible. 

• The magnetic and electrical effects are negligible. 

• The effect of viscosity is negligible  

Results of these assumptions, the variables are velocity, pressure, density and 

temperature. As a result, compressible flow can be derived by applying the following 

princibles: 

• Conservation of mass 

• Conservation of momentum 

• Conservation of energy 

• Equation of state 

Numerical solitions, consider these principles. For example, Figure 1.22 is simple 

illustration of the control volume. According to conservation laws, differences 

between rates mass enter control and rate mass leaves control volume equals to rate 

of increase of mass of fluid in control volume. 

 

Figure 1.22 : Control volume and the flow illustration [23]. 

The pipe flow of the air until the nozzle is a compressible internal flow. There are 

different computational models on internal flows for complex geometries. Because of 

this, there is not enough discussion about approximations or stability of the models 

on compressible flow problems [24]. Thus, numerical models for calculation of the 

compressible internal flow must be investigated in different studies. 
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1.2.3.2 Numerical models for compressible internal flow 

The numerical solution of the compressible flow for gases can be calculated with 

ideal gas law. Thus, numerical solution material must be an ideal gas. For ideal 

gases, the density is a function of pressure. So if the pressure increases, gas density 

will increase. To calculate density change, pressure level of the system must be 

defined as shown in Figure 1.23.  Manometers measure the static pressure if there is 

a flow in the pipe. When the system measured with manometer, system static 

pressure can be defined as a measured pressure for simulation. After the definition of 

the system, simulation model must be defined. 

 

Figure 1.23 : Piping system pressure definitions. 

As mentioned before; mass, momentum and energy effective on compressible flow. 

So, Total energy equation must be used for simulation model. These are known areas 

for the numerical solution of the compressible flow. But the turbulence model for 

compressible flow model is still being discussed.  

Generally used turbulence models are k-Ɛ, Reynold Stress Model (RMS) and Shear 

Stress Transport (SST). Models, which are calibrated for the type of flow, are more 

accurate results according to other models [25]. 

According to Federico Mazzelli, to decide best turbulence model for flow modeling, 

different models must be tested acoording to the specific operating condition. For 
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Mazelli’s study, the SST model shows the best performace at low motive pressures. 

The RSM model shows as good as SST model, but the model suffers from numerical 

stiffness and convergence problems that make its use improper as shown in Figure 

1.24 [25]. 

 

Figure 1.24 : The comparison of the turbulence models on pressure change along 

ejector a) SST b) k-Ɛ c) RSM [25]. 

According to A. Hemidi [26], even though the k-Ɛ turbulence model showed best 

results, the SST or other models must be considered for different design conditions 

(Figure 1.25).  
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Figure 1.25 : The comparison of the turbulence models on pressure change along 

ejector a) SST b) k-Ɛ c) RSM [26]. 

According to G. Besagni [27], good agreement with the experiment results belongs 

to SST model for local and global flow calculations. As a result, SST model is the 

best way to the prediction of the parameters according to other models. 

According to S. Croquer [28], at high Reynolds number k−ε shows best match to 

experimental results with a deviation of less than 1%. But simulation time three 

times longer than SST model. So for low Reynolds number SST model is the over all 

best turbulence model for compressible flow simulation (Figure 1.26).  

 

Figure 1.26 : The comparison of the turbulence models on pressure change along 

ejector [28]. 
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There are many comparison works in the literature for SST turbulence model. 

According to the literature research for impingement air jet studies, SST model has 

better results as summarized below: 

- Experimental and numerical investigations made about the nozzle system that 

impingement air jet through flat plate show that SST model have best predictions for 

the fluid flow and heat transfer characteristics [29]. 

- According to optimization results, between accuracy and the computational 

cost, the SST turbulence model is optimimum turbulence model for impingement air 

jet problems [30;31]. 

- According to study of Panumadu et al., SST model have good prediction for 

laminar to turbulent flow transformation for short distance between the nozzle and 

plate surface condition. SST model is the best suitable model for modeling the jet 

impingement phenomenon [32]. 

- With the maximum relative error is 13.58%, the results showed that the SST 

model is the best for impingement air jet numerical problem [33]. 

- For local nusselt number prediction results, the qualitative comparison show 

that SST model is much better over all agreement with experimental results 

compared to k-ε model [34]. 

- Comparison between different turbulent models clearly demonstrates that 

SST turbulence model performed better than others. Including the computational 

cost, the SST turbulence model was also optimum turbulence model [35]. 

Thus, SST model choosen for numerical investigation. As a results simulation setup, 

has air ideal gas for density calculation, total energy equation for solution, and SST 

model for flow calculation. Simulation type will be transient.  

After model definition is completed, we must choose the right boundary conditions, 

which are very important for simulation setup. Generally, boundary conditions are 

defined by measured or calculated values. Simple simulation has an inlet, outlet and 

wall boundary conditions as in this numerical study. The temperature of the air and 

the piping system are assumed as the same. The heat transfer between the piping 

system and the air accepted as an adiabatic. Thus wall boundary condition must be an 

adiabatic. The inlet and outlet boundary conditions are defined as a pressure inlet and 
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outlet. Pressure inlet boundary condition is defined according to measurement results 

from manometer. The pressure outlet boundary condition has been accepted as open 

to the atmosphere. Thus, the pressure value for outlet boundary condition equals to 0 

atm. 

Solver schemes are defined as numerical methods for solving differential equations. 

Upwind scheme are used for many study for the numerical solition of the 

compressible internal flow [26;28;29;30;32;34;35]. Thus upwind scheme was used 

for calculation of mass, energy and turbulence differences. Even though the upwind 

scheme is not particularly accurate, it is physically correct. Thus there appears to be a 

trade off between accuracy and stability. Using the upwind scheme, solutions are 

better behaved and bounded [36].As a result upwind scheme is not most accurate 

solition, but the most stable scheme for solution.  

1.2.4 Effect of cooling system on metarial properties and microstructure 

Cooling systems affect the casting directional solidification with changing 

solidification as mentioned at chapter 1.2.2.2. Changing solidification time also 

affects the cooling rate. The cooling rate has significant importance for 

microstructure and mechanical properties. In this section, the research of the effect of 

the cooling rate on material properties summarized. 

The physical and mechanical properties of aluminum castings may be classified as; 

-Cooling rate; it is one of the most important variables affecting the physical and 

mechanical material properties during solidification [3]. 

According to research of M. O. Shabani and A. Mazahery; secondary dendrite arm 

spacing (SDAS); Using image analysis techniques, it is obtained by examining 

microstructure photographs taken on different casting parts. The variation of SDAS 

with cooling rate (R) is presented in Figure 1.27 [37]. According to Figure 1.27; 

cooling rate affecting SDAS. At higher cooling rates; SDAS will be finer.   
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Figure 1.27 : Secondary dendrite arm spacing as a function of cooling rate for A356 

alloy [37]. 

According to this research; SDAS is affecting mechanical properties shown as Figure 

1.28. Measurements showed that; microstructures with fine dendrite structure have 

better mechanical properties than coarse ones [37]. 

 

Figure 1.28 : Variation of yield stress (a), ultimate tensile strength (b), maximum 

force (c) and elongation percentage (d) with secondary dendrite arm spacing [37]. 

According to these results; M. O. Shabani and A. Mazahery generated a numerical 

model for calculation of the mechanical properties which is also shown in Figure 

1.29. 



28 

 

Figure 1.29 : Variation of yield stress (a), ultimate tensile strength (b), Fmax (c) and 

elongation percentage (d) with cooling rate [37]. 

L.Y. Zhanga and his colleagues are explained these conditions as follows; 

The solidification rate has a significant effect on the formation of microstructure and 

mechanical properties. The higher cooling rate and the shorter the solidification time 

results in the finer the microstructure formed. And accordingly, better mechanical 

properties were obtained. In addition, it increases the formation of solid solution and 

causes the formation of metastable phases. [38]. Figure 1.30 shows the relationship 

between DAS and cooling rate. 

 

Figure 1.30 : Relationship between DAS and cooling rate [38]. 
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According to Figure 1.31 DAS affects the ultimate tensile strength directly. 

According to Zhanga et al., microstructure of A356 has finer α-aluminum and 

eutectic phases at higher cooling rate. Because of this; with finer DAS; this 

microstructure has higher micro hardness which means better mechanical properties. 

 

Figure 1.31 : Effect of DAS on ultimate tensile strength (UTS) [38]. 

R. Chen and and his colleagues have worked on the effect of cooling rate on the 

microstructure. They work on microstructure and solidification time as a process 

parameter (Figure 1.32) [39]. 

 

Figure 1.32 : Effect of cooling rate and solidification time on SDAS [39]. 
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According to Chen’s study; with increasing cooling rate, the primary α(Al) dendrite 

nucleation temperature, eutectic reaction temperature and solidus temperature shift to 

lower temperatures, resulting in a larger undercooling both for α(Al) and eutectic. 

The secondary dendritic arm spacing (SDAS) is very sensitive to cooling rate and an 

increase of cooling rate from 0.19 to 6.25 °C/s decreases SDAS from 68 to 20 μm 

(Figure 1.33) [39]. 

 

Figure 1.33 : Optical microstructures of sample 1 (a), sample 2 (b), sample 3 (c), 

sample 4 (d), sample 5 (e) with different cooling rates [39]. 
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2. EXPERIMENTAL PROCEDURE 

The experimental procedure contains two stages. In the first stage, pressure tests 

were carried out, and numerical studies were confirmed and the simulation model 

was determined in accordance with the pressure test results. In the second stage, the 

effect of the variables determined for air-cooling on the cooling performance is 

calculated by using the determined model. Finally, the validity of the results obtained 

from the model was confirmed with the experimental study (pressure test results). 

2.1 Experimental Study For Verification 

2.1.1 The experimental setup 

The experimental setup (cooling system) used for experimental studies consists of 

five parts as shown in Figure 2.1. These are; 

1. Manometer 

2. The service unit 

3. Pipeline 

4. Flowmeter 

5. Cooling channel  

 

Figure 2.1 : The experimental setup. 
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The type of the manometer used in the experiments was MA-50 which shows the 

pressure values between 0 and 16 bars. The product number of the Festo product is 

356759. The product technical drawing can be seen in Figure 2.2. The flowmeter is 

the testo 6642. At the Figure 2.3, the technical drawing of the flowmeter can be seen. 

The flow was measured as Nm3/h using the flowmeter. 

 

Figure 2.2 : Technical drawing of the manometer. 

 

Figure 2.3 : Flowmeter technical drawing 

The design of the cooling channel can be seen at Figure 2.4. Cooling channel is 

produced by pipe bending technique. Cooling channel is made by pipe with a 

hydraulic diameter of 13 mm and a wall thickness of 1.5 mm, which is curled to 

inner diameter 434 mm, and the outer diameter to 466 mm. 16 holes of 2 mm 

diameter were drilled at equal intervals on the pipe. The same hydraulic diameter as 

the cooling pipe and 50 mm long air inlet are welded to the pipe. 
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Figure 2.4 : Cooling channel technical drawing. 

This cooling channel is connected to the flowmeter, and the flowmeter is connected 

to the pipeline. The manometer is used for adjusting the pressure of the air entering 

the pipeline. The pressure regulator (festo 194706 LRS-1/8-D-7-I-MINI) was used to 

adjust the pressure according to the pressure gauge.  

2.1.2 Pressure tests 

The first experiment was performed with an average pressure. Test pressure was 

determined as three bars. The inputs and outputs obtained from the experiment can 

be seen in Figure 2.5 and 2.6. 

 

Figure 2.5 : First test pressure from the manometer (3 Bars). 



34 

 

Figure 2.6 : First test flow result from the flowmeter (104.3 Nm3/h). 

The second experiment was carried out with a higher pressure. The system pressure 

was determined as five bars. Test inputs and outputs are shown in Figures 2.7 and 

2.8. 

 

Figure 2.7 : Second test pressure from the manometer (5 Bars). 
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Figure 2.8 : Second test flow results from the flowmeter (167.1 Nm3/h). 

The flow rate for the test setup, which was previously mentioned, was measured as 

104.3 Nm3/h at the gauge pressure of the system at three bars; it was measured as 

167.1 Nm3/h at the gauge pressure of the system at five bars. Based on these results, 

data were obtained for numerical analysis model and verification. 

2.2 Numerical Study For Verification 

The numerical study was done using the CFX V16.2 Computational Fluid Dynamics 

(CFD) software included in the Ansys Workbench 18.2 programme. 

Numerical studies consist of five main sections. In this section of the study, after the 

test results are obtained, the identification works are summarized below separately, 

under these five sections. Finally, the results of the simulation and the results 

obtained from the experiments were compared. 

2.2.1 The geometric setup 

Catia V5 R2016 was used to define geometric definition of the problem. Figure 2.9 

shows the definition boundaries, geometrically.  
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Figure 2.9 : Geometric definition a) CAD data b) selected part for simulation setup. 

To simplify the problem, only the gaps in which the air is located have been defined, 

the non-fluid regions are not defined in the simulation geometry. The regions 

indicated in Figure 2.10 are made for the mesh and identification sections in the 

problem. 

 

Figure 2.10 : Simulation geometric definitions. 
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2.2.2 Mesh generation 

The “meshing” is of great importance in the identification of the simulation. In 

simulations where air flow is simulated, the use of hexagonal elements is 

recommended since hexagonal elements provide faster resolution with lower mesh 

elements and nodes. As mentioned earlier, the simulation geometry is divided into 

several cylindrical parts in order to be able to form hexagonal elements. Figure 2.11 

is showing mesh with sectioned and zoomed locations. 

 

Figure 2.11 : Mesh of the numerical study. 

The mesh was made with 92.297 nodes and 87.634 elements. Two important criteria 

were determined in the mesh control. First, the skewness should be below 84%, the 

result obtained is a maximum of 81%. Secondly, the orthogonal quality should be 

above 18%, which is a minimum of 18.9%. Definition accoriding to ANSYS can be 

seen in Figure 2.12(a).These values can be seen for our simulation in Figure 2.12(b).  
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Figure 2.12 : a)Classification of the mesh quality metrics based on skewness b)Mesh 

node and element count with quality properties. 

After the criteria for required mesh properties are met, the setup section was started 

to identify the problem. 

2.2.3 Setup 

In the setup section, it is better firstly to determine whether the work is done in a 

transient or steady state. For the steady state definition, the timestep will be 

determined by the simulation software. However, the total simulation time and 

timestep are determined by the user in the transient definition. For the simulation 

setup, the steady state simulation was ignored. The timestep is set to 1E-05sec (0.01 

ms). In the simulations performed, it was observed that a balanced state was created 

for the flow rates before 50 ms. However, the total simulation time was set at 100 ms 

since the results were desired to be more accurate. Figure 2.13 shows these 

parameters. 
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Figure 2.13 : Analysis type. 

Simulation setup parameters can be seen at Figure 2.14. Since the simulation for the 

compressive flow is needed, the material in the simulation was selected as “Air Ideal 

Gas”. Total energy calculations are used in nozzle simulations. Shear stress transport 

(SST) turbulence model is considered suitable for simulation as mentioned at section 

1.5.2. For initial condition, the system is completely static (no movement) and the 

system temperature is 25 ⁰C (298.15 K). 

 

Figure 2.14 : Simulation setup for calculations. 

When the control of the simulation applied as shown in Figure 2.15, the use of high-

speed compressed nozzle systems is described as Upwind, First Order Backward 

Euler, and First Order, as the appropriate resolution configuration. Convergence 

value 1E-6 was taken to ensure the accuracy of the results. The information obtained 

about convergence will be shared in the following sections. 
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Figure 2.15 : Solver control parameters. 

2.2.4 Solver 

Total time of the first verification simulation solution lasted 1 day, 7 hours and 10 

minutes for the simulation study. And the other designs simulations lasted about one 

month. The convergence values for momentum and mass, heat transfer and 

turbulence are shown below in Figures 2.16, 2.17 and 2.18, respectively. At the end 

of the simulation, the desired convergence values were obtained. 

 

Figure 2.16 : RMS (root mean square) for momentum and mass. 



41 

 

Figure 2.17 : RMS for heat transfer. 

 

Figure 2.18 : RMS for turbulence. 

2.2.5 Results 

The actual flow is the amount of volume flowing through the cross-sectional area in 

unit time. The normal flow is the amount of volume flowing through the cross-
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sectional area, in unit time, which is equal to the volumetric value of air at the 

temperature of 0 ⁰C and the pressure of 1.01325 bars. When calculating the actual 

flow for the geometry seen in Figure 2.19, the pipe cross-sectional area is multiplied 

by the gas velocity in the section. Equation 2.1 shows this situation. According to 

ideal gas equation, when the temperature and pressure is changed, the volume of gas 

will be changed. Equation 2.2 shows this as an equation. Figures 2.20 and 2.21 are 

calculated from the simulation results with equations 2.1 and 2.2. 

 

Figure 2.19 : Cross-section control volume and variables. 

V: Velocity (m/s) 

A: Cross-Section Area (m2) 

T: System Temperature (K) 

P: System Gauge Pressure (Bar) 

Qa: Flow (m3/h) 

Tn: Normal Temperature (0 ⁰C = 273.15 K) 

Pn: Normal Pressure (1.01325 Bar) 

Qn: Normal Flow (Nm3/h) 

Qa = V x A                                                      (2.1) 

Q1

Q2
 =  

(P2 x T1)

(P1 x T2)
 =>  Qn  =  

(P xTn)

(PnxT)
 x Qa                                  (2.2) 

According to the results seen in Figures 2.20 and 2.21, when the system pressure is 3 

bars, the flow rate is 107.4 Nm3/h, and when the system pressure is at 5 bars, the 

flow rate is 167.8 Nm3/h. According to the test measurements, as previously 

mentioned, when the system pressure is at 3 bars, the flow rate is 104.3 Nm3/h and 

the system pressure is at 5 bars, the flow is 167.1 Nm3/h. When these results were 

compared, it was found that the maximum deviation was around 3%. If the deviation 
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value is below 5%, the simulation model can be considered as appropriate. 

According to the comparison, simulation model can be used for evaluation of the 

effects of different variables on cooling efficiency. 

 

Figure 2.20 : Flow results at gauge pressure 3 bars. 

 

 

Figure 2.21 : Flow results at gauge pressure 5 bars. 
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3. RESULTS AND DISCUSSION 

3.1 CFD Study For Cooling Efficiency  

3.1.1 Setup 

After the numerical model was verified, the variables affecting cooling efficiency 

were examined. After that, it was decided to design an experiment with three 

variables. These variables were inlet number, outlet number and the system pressure. 

The number of inlets and outlets are changed and used for simulation geometry 

which is shown at Figure 3.1.  

 

Figure 3.1 : Simulation geometry for numerical experiments. 

Table 3.1 shows the expremental design. Also, the total inlet area (Ai), total outlet 

area (Ao) values and the ratio between these areas are affected by these design 

variables as can also be seen in Table 3.1. A total of 24 numerical tests were 
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performed and the results of Ai/Ao and Ao/Ai were discussed. For all simulations; 

solution time lasted around 1 day for each, and with pre-post time total simulation 

time to have results lasted more than 1 month. 

Table 3.1 : Design table for numerical experiments. 

 

3.1.2 Solver 

The convergence values for momentum and mass, heat transfer and turbulence are 

shown below in Figures 3.2, 3.3 and 3.4, respectively. At the end of the simulation, 

the desired convergence values were obtained. 
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Figure 3.2 : RMS for momentum and mass. 

 

 

Figure 3.3 : RMS for heat transfer. 
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Figure 3.4 : RMS for turbulence. 

3.1.3 Flow rates and pressure distributions 

Figures 3.5 and 3.6 show the inlet and outlet areas for measurements. Flow rate 

results are taken from inlet area. The velocity results are multiplied by inlet surface 

area to find actual flow rate (equation 3.1). After that, normal flow rate is calculated 

according to equation 3.2. However, the outlet boundary condition was open to 

atmosphere. Therefore, mass flow result is chosen for outlet boundary conditions. 

The mass flow results are chosen directly from simulation results. The results are 

compared with the outlet number, and inlet/outlet cross section area ratios as 

summarized below.  
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Figure 3.5 : Inlet area for measurement and velocity magnitude results. 

 

Figure 3.6 : Outlet areas and velocity vector results. 

According to Figure 3.7, the highest flow rate values were obtained by 6 bar pressure 

and double inlet cooling type. Second best values were obtained by 6 bar pressure 

and single inlet cooling type. The results show that the pressure of the cooling system 

is more important than other two parameters. Increasing the outlet count, after 

reaching a peak point, causes the flow rate to drop. These peak points are different 

for single and double outlet but same for different system pressure values. At Figure 

3.7, for single inlet simulation, the results of the flow rate reachs the peak point at 

cooling system for 8 outlets, however flow rate decreases for cooling system having 
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12 outlets. For double inlet cooling systems, according to flow rate results, peak 

point is for cooling system having 16 outlets. When these results are examined, it 

was seen that the number of inlets and outlets also has an effect on the flow rate. 

According to these results, if the number of inlet is doubled, the outlet number is 

doubled with higher flow rate. For this situation, the following comments can be 

made; more outlet use may be possible if the number of inlet is increased. 

 

Figure 3.7 : Inlet flow rate results according to outlet count. 

Figure 3.8 shows total outlet mass flow vs. outlet count results which are similar to 

inlet flow rate results. Total outlet mass flow results are more important for this study 

since higher coolant mass flow means more effective cooling. Both total outlet mass 

flow and inlet flow rate results show that system pressure is has a big influence on 

cooling efficiency. The number of outlet changes mass flow and flow rate, and the 

system has a peak point. For both inlet flow rate and total outlet mass flow results for 

single inlet and 2 bar cooling systems is nearly the same. So, it can be said that the 

effect of pressure is higher than the inlet and outlet numbers according to this 

situation. And after the peak points, the flow rate and the mass flow results do not 

change much. This indicates a stabilization in the mass flow characteristics after a 

certain number of outlet in the cooling system. 
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Figure 3.8 : Total outlet mass flow results according to outlet count. 

Figure 3.9 shows the average outlet mass flow results which is equal to total mass 

flow results devided by outlet number. Also, it can be accepted as mass flow for each 

nozzle. Here, the mass flow from all nozzles was assumed to be equal. As the 

number of outlet increases, average outlet mass flow decreases. At higher system 

pressure, average outlet mass flow is high as parallely. So, the number of the outlets 

has a negative effect on average outlet mass flow, yet system pressure has a positive 

effect on average outlet mass flow. These results are important for cooling efficiency 

because if the number of outlets increases, the average mass flow for each outlet is 

reduced. According to this assumption, the total mass flow rate is the result of 

multiplying the average outlet mass flow and outlet number. So, the decrease in the 

total mass flow rate is normal after a certain number of outlets. Because the average 

mass flow after a threshold point will be so low that the total mass flow will begin to 

drop. These results can explain the peak points in Figure 3.7 and Figure 3.8. As a 

result, the number of inlet and outlet affects the flow rate and mass flow directly. 

Considering that the change of both quantities interacts with one another, the ratio of 

the total cross-sectional areas of the inlets and outlets (Ai/Ao) will be a variable 

affecting the mass flow and flow rate. And this ratio is considered as a performance 

parameter for cooling design in order to define cooling flow rate peak point. 
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Figure 3.9 : Average outlet mass flow results according to outlet count. 

In order to see the effect of the ratio between the total inlet cross-sectional area and 

the total outlet cross-sectional area (Ai/Ao), the Figure 3.10 and 3.11 are examined to 

compare it to the inlet flow rate and total outlet mass flow. The graphs show that the 

results have same shape for both total outlet mass flow and inlet flow rate. Every 

result shows that around 0.5 Ai/Ao ratios has a peak point for both results. So 0.5, 

which is an Ai/Ao value, is acceptable for the maximum efficiency point for cooling 

channels in this study. At that point flow rate is maximum for total inlet flow rate and 

outlet mass flow. But the Figure 3.10 and 3.11 show that values that under 0.5, not 

have so much different flow rate. But higher values for Ai/Ao are showing too much 

reduced mass flow and flow rate results at figures. In this case, the Ai / Ao ratio 

should be close to and below 0.5 for the more efficient cooling system. 

 

Figure 3.10 : Inlet flow rate results according to inlet/outlet cross section area ratio. 
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Figure 3.11 : Total outlet mass flow results according to inlet/outlet cross section 

area ratio. 

As can be seen in Figure 3.12, for the maximum and minimum flow rates, the piping 

systems have a different pressure values. Figure 3.12 shows that the 6 bar system 

pressurized and double inlet cooling system. The cooling system with a maximum 

flow rate has 16 outlets and the Ai/Ao ratio is 0.5. The cooling system with the 

minimum flow rate has 2 outlets and the Ai/Ao ratio is 4. As understood from these 

results, due to the small number of outlets, air is compressed inside and increases the 

pressure. As a result of this, as shown in Figure 3.9 before, although the air flow rate 

from each nozzle is high with a high mass flow rate, the total flow rate is low. If the 

pressure is low, both the mass flow rate and the flow rate will decrease and the air 

density will decrease too. The optimum results were achieved when the Ai/Ao ratio 

was around 0.5 in the cooling systems of this study. As can be seen in the simulation 

results of Figure 3.12, pressure is distributed nearly homogeneously in the cooling 

systems. This indicates that the outlet number actually affects the pressure inside the 

cooling system. Because the system works with pressure in two stages. First, the 

pressure in the collector sends compressed air into the cooling system. Then, due to 

the increased pressure in the cooling system, the air starts to flow out and this creates 

a flow according to pressure difference between ambient and cooling channel. The 

air moves from the high pressure to the low pressure. The greater the pressure 

difference, the greater the flow rate. The cooling system must be between the 

collector pressure and the ambient pressure. If the system pressure is too high, the 

flow rate will decrease as the collector will have a low pressure difference between 

the cooling system and collector. Likewise, if the pressure is low, a high amount of 
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air will come from the collector and the flow towards the environment will be 

reduced. But this drop in flow will have less impact that shown in Figure 3.10 and 

Figure 3.11 before. Therefore, the cooling system pressure must be balanced with the 

correct Ai / Ao ratio. 

 

Figure 3.12 : Pressure distribution for double inlet 6 bar cooling system at maximum 

and minimum inlet flow rate. 

Figure 3.13 shows the average outlet mass flow results according to inlet/outlet cross 

section area ratio. It shows that Ai/Ao ratio gives nearly the same results for double 

and single inlet results. This means that both system pressure and Ai/Ao ratio 

together can explain the average outlet mass flow. The results show that higher 

Ai/Ao ratio results in higher mass flow for each nozzle. Previously, we explained 

that the Ai/Ao must be around 0.5. But it is a same optimization problem for cooling 

systems. As mentioned before, air moves from high pressure area to low pressure 

area. To make cooling system pressure higher, Ai/Ao ratio should be higher. 

Decreasing the number of outlets increases the Ai/Ao ratio. Because it reduces the 

Ao denominator. That is a system as shown in Figure 3.12. As can be seen in Figure 

3.13, there will be a high flow rate in each nozzle. But since the number of nozzles is 

low, the total flow rate will be low. Therefore, to increase the total flow rate in the 

cooling system, instead of reducing the number of outlets (nozzles), increasing the 
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number of the inlets will be more logical since using more inlets increases Ai 

numerator. In order to reach the maximum flow rate, Ai/Ao should be an 

optimization value which is found as 0.5 for this study. 

 

Figure 3.13 : Average outlet mass flow results according to inlet/outlet cross section 

area ratio. 

However, only cooling effeciency is not enough to explain mold cooling system 

design parameters. Because the design of the mold cooling systems are most 

effective on casting quality and production cost. So the effect of the cooling system 

design must be defined as a casting part mechanical, material properties and 

additional cycle times. 

3.2 Casting Simulation Study for the Effect of Cooling System 

In recent years; there are more works on heat transfer and cooling channels. One of 

them is the study of Velluvakkandi et al. [40], which is about developing an effective 

die cooling technique for casting solidification. In order to calculate heat transfer and 

effect of cooling systems, dense fused silica mold and copper chill assembled each 

other which is shown in Figure 3.14. In that study, SDAS measurement results and 

distance from cooling chill were investigated as shown in Figure 3.15(a). 

Thermocouple results were used for heat transfer calculations, and the experiments 

were made for microstructural investigation as shown in Figure 3.15(b-c). According 

to results that shown at Figure 3.15 cooling is effective on SDAS results. 

Velluvakkandi is used numerical studied in the Msc. thesis. So cause similarity, for 

numerical experiments, Velluvakkandi’s numerical studies used as a refence. 
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Figure 3.14 : Chill-housing assembly [40]. 

 

Figure 3.15 : a) SDAS change according to distance from cooling chill b) Micro 

structure from 2.5 mm distance c) Micro structure from 52.5 mm distance [40]. 
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Experimental design is given in Table 3.2 as maximum and minimum inlet flow rates 

are chosen (from d1 to d8) from Figure 3.16 for each cooling system that classified 

according to inlet number and the system pressure. To calculate cooling effect on 

material and mechanical properties, MagmaSoft V5.4 software was used. In this 

chapter, these numerical experiments is described. 

 

Figure 3.16 : Design locations for numerical experiments. 

Table 3.2 : Design table of experimental study for cooling effect on metarial and 

mechanical properties. 

 

3.2.1 Setup 

3.2.1.1 The Geometric Setup 

The geometry of the cooling channel that was used for flow rate calculations is 

shown in Figure 3.17. According to this geometry, the system, which was shown in 

Figure 3.14 before, is not suitable for this study. So, referring to Figure 3.14, the 

geometry shown in Figure 3.17 is defined in the Magmasoft casting simulation 

software. 
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Ceramic mold covers the aluminium casting part. Under ceramic mold and casting 

part, there is a copper chill connected to cooling channels. Cooling channels defined 

as three different geometries because there are 2, 8 and 16 outlets for different 

cooling channels as shown in Table 3.2. Figure 3.18 (a-c) shows these geometries. 

These geometries were defined as parametric geometry for optimization setup. Here, 

inlet number was not considered for simulation geometry. Flow calculation can’t do 

with Magmasoft for cooling channel as a part of simulation solver. But it can be done 

with Magmasoft before simulation. This calculation technic will be explain fllowing 

sections. So, the inlets of the cooling were negligible for this simulation. Mesh is 

done with 2M elements. 

 

Figure 3.17 : Casting Simulation Geometry. 

 

 

Figure 3.18 : Cooling channel geometries a) 2 outlet b) 8 outlet c) 16 outlet. 
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In order to control the temperature change, two thermocouple points were added to 

the geometry as shown in Figure 3.19. One of them was at the center of the chill 

plate, and the other was at the center of the casting part and had 4 mm distance from 

plate. 

 

Figure 3.19 : Thermocouple points. 

3.2.1.2 Definition 

A definition for casting simulation has 3 steps. 

a. Material Definition: Material definitions are shown at table 3.3. Initial 

temperatures are included. 

Table 3.3 : Material definitons. 

 

b. Heat Trasfer Definitions: There are two defitions for heat transfer. The first one 

is between the casting part and mold parts (mold and chill); second one is 

between the chill and cooling channels. Magmasoft heat transfer definition for 

mold parts and casting parts is shown in Figure 3.20. It is a temperature 

dependent heat transfer coefficient that varies between liquidus temperature 

(613⁰C) and solidus temperature (542 ⁰C).  

Part Material Initial Temperature ⁰C

Casting Part AlSi7Mg 650

Mold Insulation 450

Chill Copper 450

Cooling Air 20
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Figure 3.20 : Temperature depent heat transfer coefficient between mold parts and 

casting part. 

The heat transfer coefficients of the cooling channels are defined according to 

Magmasoft heat transfer calculation for cooling channels. Example definition for 

design 1 is shown in Figure 3.21 and all heat transfer definitions for casting 

simulation are summarized in Table 3.4. 

 

Figure 3.21 : Cooling channel heat transfer coefficient calculation example. 

Table 3.4 : Heat transfer coefficients for cooling channel designs. 

 

Design Inlet_Count Outlet_Count Pressure (Bar) Ai/Ao Inlet Flow (Nm3/h)
Average Inlet Flow 

(Nm3/h)
HTC (W/m2.K)

d1 1 2 2 2,00 48,35 24,18 741,95

d2 1 2 6 2,00 145,40 72,70 1764,97

d3 1 8 2 0,50 95,65 11,96 430,20

d4 1 8 6 0,50 285,90 35,74 1007,00

d5 2 2 2 4,00 50,26 25,13 764,80

d6 2 2 6 4,00 150,90 75,45 1818,01

d7 2 16 2 0,50 192,80 12,05 432,90

d8 2 16 6 0,50 577,00 36,06 1014,12
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Boundry condition for environment is defined according to Magmasoft database. So 

definition of heat transfer completed with this definitions. 

c. Proses Definition: Process defition is made without filling sequence. Only the 

solidification sequence defined.  

3.2.1.3 Optimization 

According to this definition, optimization is made on 8 designs which are shown at 

Figure 3.16 and table 3.2 before. The optimization is defined for; 

 Maximize cooling rate 

 Minimize SDAS 

 Maximize mechanical properties (elongation, tensile and yield strength) 

 Minimize solidification time (or cycle time) 

 Minimize fraction of eutectic phase 

At results section optimization results will be discussed. 

 

3.2.2 Results and discussion 

Results for optimization are summarized in Table 3.5. Designs are ranked showing 

form the best design to the worst design according to optimization parameter that 

mentioned above at chapter 3.2.1.3. 

Table 3.5 : Ranking list according to optimization results. 

 

Temperature results for thermocouple points (cooling curves) are shown in Figure 

3.22. Thermocouple results show that from the best design to the worst design 

ranking is right. Lower temperature results, that mean better cooling efficiency, are at 

the same rankings. So thermocouple results have confirmed the results of the 

simulation.  
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Figure 3.22 : Thermocouple results from magmasoft. 

Figure 3.23 shows the location of the candidates at inlet flow rate vs Ai/Ao graph. 

Results show that inlet flow rate have a significant effect on optimization parameters. 

When designs are sorted from top to bottom, it is the same as optimization ranking. 

So, it can be said that inlet flow rate is very effective on the cooling efficiency.  

Figures 3.24 and 3.25 show main effect plots vs. cooling rate and SDAS for all 

designs, respectively. Main Effects Plot is used when you have multiple factors. The 
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points in the plot are the raw data means of the response variable at the various levels 

of each factor, with a reference line drawn at the grand mean of the response data. So 

the main effects plot is used for comparing magnitudes of main effects. Here, cooling 

rate and SDAS are inversely proportional. It is also parallel with the literature studies 

[37;41]. According to the literature, the cooling rate defines the solidification 

behaviour during casting. And, one of the key property the solidification behaviour 

affects is the secondary dendrite arm spacing (SDAS) which has a direct influence on 

the mechanical properties of the cast part [37;41]. In the study of Q-Z. Dong et al. 

[41], they have studied the possibility of predicting the mechanical properties of Al 

alloys with the change of cooling rates by the help of the simulation software. As a 

result, the SDAS values found by the experimental study and simulations are quite 

similar with small differences, and therefore change in mechanical properties such as 

tensile strength, elongation and hardness values are again only 0.01-4.98%. In the 

study of Shabani and Mozeheri [37], the secondary dendrite arm spacing (SDAS) is 

tried to be expressed as a function of solidification time. According to the obtained 

SDAS-cooling rate and cooling rate-mechanical property graphs, SDAS decreases 

and mechanical properties enhances with increasing cooling rate (R). As a result, the 

predictions of mechanical properties shows acceptable agreement with the 

experimental results obtained using thermocouples. 

For our study, main effects on cooling rate and SDAS couldn’t be found from Figure 

3.24 and 3.25. But inlet and outlet numbers have positive effect on cooling rate. But 

somehow, inlet and outlet area ratio (Ai/Ao) has negative effect on cooling rate. 

Pressure and inlet flow have positive effect on cooling rate. Same variables affect 

SDAS results are the opposite. As can be seen from the figure, the flow rate affects 

mostly the cooling rate and SDAS. According to main effect plots, we must use more 

outlets and inlets with 0.5 Ai/Ao ratio at higher pressure level to have higher cooling 

rate.  
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Figure 3.23 : Optimization design ranks on flow rate vs Ai/Ao. 

 

Figure 3.24 : Main effect plot for cooling rate. 

 

Figure 3.25 : Main effect plot for SDAS. 
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Figure 3.26 shows cooling rate results obtained by MagmaSoft. At the same scale, 

design 8 is very high cooling rate according to others. Design 4 and design 7 mean 

higher cooling rate too. But other designs are have nearly same cooling rate. 

However, the cooling rate decreases as it moves away from the cooling zone. 

Therefore, this work only applies to areas close to the cooling zone. 

 

Figure 3.26 : Cooling rate results obtained by simulation software. 

Figure 3.27 shows the relationships between cooling rate and SDAS. According to 

literature research, at higher cooling rate which means more effective cooling, makes 
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microstructure finer. According to Figure 3.27; at higher cooling rate we can have 

finer SDAS microstructure. The results are consistent with the literature review. So 

effective cooling makes better SDAS length at higher cooling rates. 

 

Figure 3.27 : Cooling rate vs SDAS. 

As mentioned at chapter 1.2.4 finer microstructure has an effect on mechanical 

properties. The relationship between SDAS and mechanical properties is shown at 

Figure 3.28. According to L.Y. Zhanga study [38] which is shown in Figure 1.31 the 

relationship between mechanical properties and SDAS is linear and inversely 

proportional like as Figure 3.28. 

 

Figure 3.28 : a) Elongation vs SDAS b) tensile strength vs SDAS c) yield strength vs 

SDAS. 
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Cooling rate is effective on solidification time. As shown at Figure 3.29(a), higher 

cooling rate reduces solidification time. Short solidification time means shorter cycle 

time for production and more efficient production. In addition, the shorter 

solidification time lets more homogenous phase distribution. So the fraction of the 

eutectic phase will be lower shown as Figure 3.29(b). 

 

Figure 3.29 : a) Cycle time vs cooling rate b) fraction of eutectic phase. 

According to this results cooling rate effective on SDAS and microstructure. Thus, 

cooling rate is effective on mechanical properties. At higher cooling rates, 

mechanical properties will be higher shown as Figure 3.30(a-c).  

 

Figure 3.30 : a) Elongation vs cooling rate b) tensile strength vs cooling rate c) yield 

strength vs cooling rate. 
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This study shows that cooling rate is very important for microstructure and 

mechanical properties. However, the effect of the cooling system on microstructure 

and mechanical properties has not been mentioned yet. To define relationship 

between inlet flow rate and cooling rate Figure 3.31 is added. According to results, 

inlet flow rate is affecting the cooling rate and thus the mechanical properties and 

microstructure. Also clearly seen; as the flow rate increases, cooling rate gradually 

increases. 

 

Figure 3.31 : Flow rate vs cooling rate. 

Inlet flow rate can be defined as volumetric air consumption for cooling channels. 

Effective cooling channel must use less air at maximum cooling rate. At section 

3.2.1, the efficiency of the cooling channel is defined with inlet flow rate. Results 

indicate that maximizing inlet flow rate best way to make efficient cooling system. 

Maximizing inlet flow rate increases the amount of air used in unit time. However, 

shortens the cycle time. There are recommendations on this topic in the conclusion 

section. 
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4. CONCLUSION 

As a result, the following conclusions can be drawn: 

1. System pressure is very important for cooling efficiency. According to system 

pressure values between 2 bars and 6 bars, higher flow rates were obtained at 6 

bar system pressure. So for this study 6 bar system pressure is the optimum 

pressure for cooling efficiency. 

2. Considering the results, only increasing the number of outlets does not mean that 

a more efficient cooling system will be obtained. Also the number of inlets must 

be taken into consideration. 

3. Increasing the number of the outlets provides a flow rate up to a certain point. 

However, there is a decrease in flow rate after reaching this peak point. This peak 

point must be determined to optimize the cooling performance. 

4. While the number of outlets may increase with the increase in the total flow rate, 

the amount of mass flow from each outlet decreases. Considering this situation, 

optimization between the total inlet flow rate and the average outlet mass flow is 

required. In this study, proportional relation between inlet cross-sectional area 

and outlet section ratio is used. This parameter is named Ai/Ao. 

5. In this study, the optimum Ai/Ao ratio is 0.5 for the examined cooling system 

when the maximum total inlet flow rate according to the Ai/Ao ratio is examined. 

This ratio must be examined for different cooling systems. 

6. In this study, investigations showed that the Ai/Ao ratio affected the internal 

pressure of the cooling system. If the numbers of inlets and outlets are adjusted 

according to Ai/Ao ratio, system internal pressure will be at optimum value for 

cooling efficiency. 

7. In this study, the effect of Ai/Ao ratio on average outlet mass flow was 

investigated. When the results were examined, it was seen that the numbers of 

inlets or outlets had no stable effect alone, but the Ai/Ao ratio was effective with 

pressure. Therefore, it is seen that when the cooling design is made, the number 
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of inlet should be adjusted by using the optimum Ai/Ao ratio according to the 

number of outlets needed. 

8. In this study, the effect of flow rate on cooling rate was found to be very high. 

Therefore, the maximum possible flow rate is important in terms of cooling 

efficiency. 

9. In this study, it was observed that the high cooling rate formed a finer 

microstructure. As a result, the cast quality and mechanic properties have 

increased. Ensuring optimum cooling efficiency is also important in terms of 

product quality. 

10. Finally, the cycle time decreases at high cooling rates. As a consequence, it will 

be ensured in financial gains that increase production performance. 
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