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1.1 BACKGROUND 



1.2 GAS EVOLUTION 



1.3 MOLDING MATERIALS 

1.3.1 Aggregates 



1.3.2 Grain size distribution 



1.3.3 Grain shape 

 



1.3.4 Binder systems 
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1.4 GAS EVOLUTION MEASUREMENTS 

 

1.4.1 Traditional methods to measure the amount of gases 

–



–

1.4.2 Alternative methods for quantifying the gas evolution from 
molding mixtures 



–

𝑃𝑃 =  
𝐾𝐾(𝑎𝑎𝑐𝑐 − 𝑎𝑎𝑝𝑝)𝑉𝑉𝜌𝜌𝑐𝑐𝐶𝐶

𝑎𝑎𝑐𝑐𝑃𝑃𝑒𝑒𝑊𝑊−𝑁𝑁
 

𝑃𝑃 𝐾𝐾 𝑎𝑎𝑐𝑐
𝑎𝑎𝑝𝑝 𝑉𝑉
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𝑟𝑟  

𝑃𝑃 𝑃𝑃𝑜𝑜
 𝜎𝜎

𝑟𝑟



 

1.5 GAS PERMEABILITY 

Darcy’s law governs the permeability of porous material Darcy’s 

𝑄𝑄 = 𝐾𝐾 · 𝐴𝐴 · ∇𝑝𝑝
𝜇𝜇 · 𝐿𝐿  



𝑄𝑄 𝐾𝐾 ∇𝑝𝑝
𝜇𝜇 𝐿𝐿

t

𝑃𝑃 =  𝑣𝑣 · ℎ
𝑝𝑝 · 𝑎𝑎 · 𝑡𝑡 

𝑃𝑃 𝑣𝑣
ℎ 𝑝𝑝

𝑎𝑎
𝑡𝑡

–

1.5.1 Porosity  



–



1.5.2 Pore size distribution and pore diameter 

. 

𝐾𝐾 =  𝜀𝜀2𝑛𝑛−2[𝑟𝑟1
2 + 3𝑟𝑟2

2 + 5𝑟𝑟3
2+. . +(2𝑛𝑛 − 1)𝑟𝑟𝑛𝑛

2]/8 

 

𝑟𝑟 𝑟𝑟 𝑛𝑛
𝜀𝜀

 

𝑃𝑃 = −2𝛾𝛾 cos 𝜃𝜃
𝑟𝑟  

𝑃𝑃 𝛾𝛾
𝜃𝜃
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1.5.3 Permeability modeling 
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𝑣𝑣 = 𝑞𝑞

𝜑𝜑 
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D dp/dx 

μ

1.6 MODELING THE HEAT AND GAS 
TRANSPORT IN THE SAND CORE/MOLD 



1.6.1 Heat transfer in sand mold/cores 

(1 − 𝜙𝜙)𝜌𝜌𝑠𝑠𝑐𝑐𝑝𝑝,𝑠𝑠
𝜕𝜕𝑇𝑇𝑠𝑠
𝜕𝜕𝜕𝜕 = ∇ · ((1 − 𝜙𝜙)𝑘𝑘𝑠𝑠∇𝑇𝑇𝑠𝑠) + 𝑞𝑞𝑠𝑠𝑠𝑠(𝑇𝑇𝑓𝑓 − 𝑇𝑇𝑠𝑠) 

𝜙𝜙𝜌𝜌𝑓𝑓𝑐𝑐𝑝𝑝,𝑓𝑓
𝜕𝜕𝑇𝑇𝑓𝑓
𝜕𝜕𝜕𝜕 + 𝜙𝜙𝜌𝜌𝑓𝑓𝑐𝑐𝑝𝑝,𝑓𝑓𝒖𝒖𝑓𝑓  · ∇𝑇𝑇𝑓𝑓 = ∇ · (𝜙𝜙𝑘𝑘𝑓𝑓∇𝑇𝑇𝑓𝑓) + 𝑞𝑞𝑠𝑠𝑠𝑠(𝑇𝑇𝑠𝑠 − 𝑇𝑇𝑓𝑓) 

𝜙𝜙 𝜌𝜌 𝑐𝑐𝑝𝑝
𝒖𝒖𝑓𝑓 𝑞𝑞𝑠𝑠𝑠𝑠

𝑘𝑘 𝑇𝑇
𝑠𝑠 𝑓𝑓

1.6.2 Kinetics of binder decomposition 

 



d𝑥𝑥g
d𝑡𝑡 = 𝑘𝑘(1 − 𝑥𝑥g)

𝑛𝑛
 

 

𝑘𝑘 = 𝐴𝐴 exp (− 𝑄𝑄
𝑅𝑅𝑅𝑅) 𝑥𝑥g t n

𝑄𝑄 𝐴𝐴
𝑅𝑅 𝑇𝑇 𝑘𝑘

𝛼𝛼 = 𝑚𝑚𝑠𝑠 − 𝑚𝑚
𝑚𝑚𝑠𝑠 −𝑚𝑚𝑓𝑓

 

𝛼𝛼 𝑚𝑚𝑠𝑠 𝑚𝑚𝑓𝑓
𝑚𝑚

ⅆ𝛼𝛼
d𝑡𝑡 = 𝑧𝑧 ⋅ exp (−𝐸𝐸𝑎𝑎𝑅𝑅𝑅𝑅 ) (1 − 𝛼𝛼)𝑛𝑛 

𝛼𝛼 𝑧𝑧 𝐸𝐸𝑎𝑎
𝑅𝑅 𝑇𝑇 𝑛𝑛
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CHAPTER 2 

RESEARCH METHODOLOGY  
CHAPTER INTRODUCTION 

2.1 PURPOSE AND AIM 

2.2 RESEARCH DESIGN 

2.2.1 Research perspective and approach 

• 
• 
• 



2.2.2 Research questions 

RQ.1. How can the rate and amount of gases generated from foundry molds/cores 
be quantified with proximity to actual casting conditions? 
 
RQ.2. How can the effect of variations in grain size distribution and density on the 
permeability and pore characteristics of molds/cores be quantified? 
 
RQ.3. How can the existing permeability models be tailored to suit foundry 
applications? 
 
RQ.4. How can the accuracy of gas generation and transport simulation models for 
foundry sands be increased? 

2.2.3 Scope and delimitations 

 



2.2.4 Research strategy 

  

2.2.5 Overview of the work 



2.3 MATERIALS AND METHODS 

2.3.1 Materials 

 



Sample preparation for permeability measurement 

. 

Samples studied using the developed permeability setup in supplement I. 

Samples with varying average grain size distribution studied in supplement II. 

Sample 3D Printed Furan 



Samples prepared with variations in the apparent density studied in supplement III 

Sieve opening, 
mm 

Amount of Fraction, % 
Basic Sand A B C 

0.125 0.00 20.00 40.00

Sample Amount of 0.125 
mm fraction (%) Density (g/cm3) Average grain 

size (mm) 
Binder 
system 



Sample 
Mass 

(g) 
Volume, 

(cm3) 
Density 
(g/cm3) 

Average grain 
size(mm) 

Binder 
system 

Sample preparation for the thermal analysis and gas generation measurement 
 

2.3.2 Experimental Setup 

Permeability 

–

–



Thermal analysis and gas generation 
 



Diameter of the specimen 
(mm) 

Dimensions (mm) 
a b c x 



 

2.3.3 Material characterization 

Mercury intrusion porosimetry 
 

 

𝑃𝑃 = −2𝛾𝛾 cos 𝜃𝜃
𝑟𝑟  

𝑃𝑃 𝛾𝛾
𝜃𝜃

 

Ⅲ

 



 

X-Ray microtomography 
 

μ

 



Thermogravimetry 
 

–
– –

2.3.4 Modeling the heat and gas transport in sand core/mold 

approximated with Darcy’s flow



CHAPTER 3 

SUMMARY OF RESULTS 
AND DISCUSSION  

CHAPTER INTRODUCTION 

3.1 GAS TRANSPORT 
3.1.1 Permeability 

Method development (supplement I) 
 



The ∆p vs. 

Δ , 
, 

𝑄𝑄 = 𝐾𝐾 · 𝐴𝐴 · ∇𝑝𝑝
𝜇𝜇 · 𝐿𝐿  

∇𝑝𝑝
𝛻𝛻𝛻𝛻

k/μ μ
. 

∇𝑝𝑝



Sample Permeability (m2) Standard deviation 
Steady-state Unsteady-

state 
Steady-

state 
Un-steady-state 

Effect of variation of grain size distribution (Supplement II) 

Q/A dP/L

 

Q/A dP/L

Nomenclature 
in the 

supplement 

Average grain 
size 

distribution 
(mm) 

0,125 
mm 

grains 
(%) 

Apparent 
density 
(g/cm3) 

Binder 
level 
(%) 

Binder 
System 

Permeability 
(m2) 

0.33

0.28

0.24 



Effect of variation of the density of cores (Supplement III) 
 

 

 

 

3.1.2 Pore structure characterization 

Mercury intrusion porosimetry  
 

Nomenclature 
in the 

Supplement 

Average 
grain size 

distribution 
(mm) 

Apparent 
density 
(g/cm3) 

Binder 
level 
(%) 

Binder 
System 

Permeability 
(m2) 

1.39
1.51



Variation in grain size distribution (Supplement II) 
 

4 μm 

 
–

130μm) and a – μ

   
 

 
 
 
 
 
 
 
 
 
 

Variation in density (Supplement III) 
 

Property Sample 
A B C 



– μ
– μ – μ

X-Ray micro-tomography (Supplement IV) 
 

Grain parameters 
 

 
 

 

Sample Grain diameter (µm) Circularity 
Median Dmg Mean, (IA) Mean, (SA)  

Pore characteristics 
 



Permeability prediction models 

  

 

Sample φ (IA) φ (MP) Dh, μm Dmp, μm T h, μm 
Mean (IA) (MP) Mean Median 



Modification of the original Kozeny theory model 

f

D

𝑘𝑘 = 𝑐𝑐𝜑𝜑3

36   
 𝐷𝐷mp

2

𝑇𝑇2   

𝑘𝑘 = 𝑐𝑐𝜑𝜑3(4 105𝑘𝑘0
2.51)2

36  

c

3.2 GAS GENERATION (Supplement V) 
3.2.1 Raw data of gas generation and temperature 

Sample Permeability (m2) 
Modified 
OKT model 

Measured 



3.2.2 Thermal analysis 

𝑞𝑞abs =  𝑐𝑐V𝛼𝛼𝛻𝛻2𝑇𝑇 −  𝑐𝑐V𝑇̇𝑇 

𝑞𝑞abs 𝑐𝑐V is the volumetric heat capacity; α, the thermal 
∇2𝑇𝑇

𝑇̇𝑇
 

𝑞𝑞abs =  𝑐𝑐V(𝑡𝑡)(𝑍𝑍𝑓𝑓(𝑡𝑡) − 𝑇̇𝑇(𝑡𝑡)) 

𝑍𝑍𝑓𝑓(𝑡𝑡) =  𝛼𝛼(𝑡𝑡)𝛻𝛻2𝑇𝑇(𝑡𝑡)

𝑍𝑍𝑓𝑓(𝑡𝑡)

𝑍𝑍F 𝑇̇𝑇

Sample Weight (g) Volume (cm3) 
Apparent density 

(g/cm3) 
Generated gas 
volume (cm3) 



, 𝑓𝑓a

𝑞𝑞abs

𝑇𝑇StartGG 𝑇𝑇EndGG 
𝑐𝑐V_StartGG = 24 MJ∙m ∙K

𝑐𝑐V_EndGG = 3 MJ∙m ∙K

𝑡𝑡b  𝑡𝑡e , 𝐿𝐿 to 650 kJ∙kg 𝑡𝑡b
𝑡𝑡e

3.2.3 Gas generation kinetics 



t 𝑇𝑇EndGG 
t

𝑇𝑇StartGG 
t 𝑇𝑇EndGG 

3.3 MODELING OF HEAT AND GAS TRANSPORT 
3.3.1 Kinetic model for binder decomposition (Supplement VI) 



𝑄𝑄 𝐴𝐴

Apparent 
reaction 

Weight loss (TG 
range) 

Corresponding 
temperature 
[K] 

𝑨𝑨 (s-1) 𝑸𝑸 (Jmol-1) 

– –
– – –
– – –
– – –
– – –

-1.6

-1.4

-1.2

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

0.0016 0.0018 0.0020 0.0022 0.0024

lo
g 

(d
T/

dt
)

1/T [K-1]



3.3.2 Computational modeling of heat and gas transport in sand 
mold/core (Supplement VII) 

in combination with Darcy’s law

G
as

 p
re

ss
ur

e,
 k

P
a





CHAPTER 4 

CONCLUSIONS 

RQ.1 How can the rate and amount of gases generated from foundry molds/cores be 
quantified with proximity to actual casting conditions.? 

RQ.2 How can the effect of variations in grain size distribution and density on the 
permeability and pore characteristics of molds/cores be quantified.? 
 

μ

RQ.3. How can the existing permeability models be tailored to suit foundry applications? 



RQ.4. How can the accuracy of gas generation and transport simulation models for foundry 
sands be increased? 



CHAPTER 5  
FUTURE WORK  

Permeability of foundry cores and molds 

Heat absorption and  its effect on the properties of a cast component 

Thermophysical properties of the mold/core 

Characterization of the gases generated from foundry molds and cores 
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Gas Evolution and Transport in Foundry Sands 

Sand-casting is one of the most widely used cost-effective manufacturing techniques 
to produce metal components for various industries. Constantly evolving environmental 
regulations have increased the necessity for circular and sustainable manufacturing 
practices. During the casting process, the mold and core undergo a thermal shock when 
they come in contact with the molten metal. This triggers a severe reaction due to the 
evaporation of volatiles and the decomposition of chemical binders. When the generated 
gases are not evacuated efficiently, they affect the cast component by aiding in defect 
formation.

In this work, the phenomena that affect heat and mass transport due to the generated 
gases are studied with the help of newly developed experimental techniques in 
combination with porous material characterization tools. Combining the experimental 
data with thermal analysis techniques, a computational model for the heat and mass 
transport in the foundry core is also developed. A custom-made measurement setup 
to measure the permeability of molds and cores is presented. Using the setup, the 
effect of variation in the grain size distribution and the density on the permeability is 
quantified. Also, a novel method to quantify the gases generated from foundry sand 
mixtures where the core/mold is subjected to conditions similar to the actual casting 
process is presented. Along with accurate gas volume data, simultaneous temperature 
measurements in the central and lateral parts of the sample enabled accurate estimation 
of the heat absorption characteristics associated with the binder decomposition and the 
gas generation. Additionally, thermogravimetry analysis was performed for the Furan 
binder with several heating rates to study the decomposition characteristics and kinetics. 
Using the obtained gas transport properties and the kinetic parameters of the binder 
decomposition and assuming a local thermal non-equilibrium model for heat transport 
in the porous material, a computational model was developed for the gas generation and 
transport process in foundry sand cores/molds.

By studying the gas evolution and transport phenomena and developing accurate 
computational models for heat and gas transport in foundry sands, the work presented 
in this thesis helps reduce the defects formed due to the gas generation phenomenon, 
aiding sustainable manufacturing of cast components.
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