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ΠΕΡΙΛΗΨΗ 

 

Σν θαηλφκελν ηεο αχμεζεο ηεο ζεξκνθξαζίαο θαη ε κφιπλζε ηνπ πεξηβάιινληνο ιφγσ ηεο 

εθπνκπήο αεξίσλ ξχπσλ θαζηζηνχλ επηηαθηηθή ηελ αλάγθε απνδνηηθψλ θαη θηιηθψλ πξνο ην 

πεξηβάιινλ ηερλνινγηψλ. Οη απμαλφκελεο ελεξγεηαθέο αλάγθεο, ηα πςειά θφζηε παξαγσγήο 

ελέξγεηαο θαη νη πεξηνξηζκέλεο πεγέο ελέξγεηαο έρνπλ νδεγήζεη ηελ αγνξά ζε ελαιιαθηηθέο 

κνξθέο ελέξγεηαο. Η κεηαηξνπή ησλ ζηεξεψλ θαπζίκσλ, φπσο ν  άλζξαθαο θαη ν ιηγλίηεο 

θαζψο επίζεο θαη βηνκάδα, ζε ππνθαηάζηαην θπζηθφ αέξην (to Substitute Natural Gas (SNG)) 

κέζσ ηεο δηαδηθαζίαο ηεο αεξηνπνίεζεο θαη κεζαλνπνίεζεο απνηειεί κηα πνιιά ππνζρφκελε 

ηερλνινγία. 

 

Σα βαζηθά βήκαηα παξαγσγήο SNG είλαη ε δηαδηθαζία ηεο αεξηνπνίεζεο ηνπ ζηεξενχ 

θαπζίκνπ, ε δηαδηθαζία θαζαξηζκνχ ηνπ παξαγφκελνπ αεξίνπ θαη ε κεζαλνπνίεζε. 

Αλαιπηηθφηεξα, ην θαχζηκν εηζέξρεηαη ζηνλ αεξηνπνηεηή (gasifier) φπνπ θαη αληηδξά (κεξηθή 

νμείδσζε) παξάγνληαο αθαηέξγαζην αέξην πςειήο ζεξκνθξαζίαο (syngas). ηε ζπλέρεηα 

κεηαθέξεηαη γηα ηνλ θαζαξηζκφ ηνπ απφ ζηεξεά θαηάινηπα θαη άιιεο αλεπηζχκεηεο 

πξνζκίμεηο θαη θαηαιήγεη ζε έλα θαηαιπηηθφ αληηδξαζηήξα, φπνπ πξαγκαηνπνηείηαη ε 

αληίδξαζε ηεο κεζαλνπνίεζεο. Η παξαγσγή SNG φρη κφλν ζπκβάιιεη ζηελ ηνπηθή 

παξαγσγή ελέξγεηαο θαη ζηελ αλεμαξηεηνπνίεζε ησλ επξσπατθψλ ρσξψλ απφ ην θπζηθφ 

αέξην, αιιά θαη παξέρεη παξφκνηα ζεξκνγφλν ηθαλφηεηα κε ην θπζηθφ αέξην ρσξίο κείσζε 

ηεο απφδνζεο ζε ζρέζε κε ηηο ζπκβαηηθέο εγθαηαζηάζεηο παξαγσγήο ελέξγεηαο. Η Δηθφλα 1 

παξνπζηάδεη κηα επηζθφπεζε ηεο δηαδηθαζία παξαγσγήο SNG κεηά απφ αεξηνπνίεζε κε 

νμπγφλν. 



   

 

Δηθφλα 1: Δπηζθφπεζε δηαδηθαζίαο παξαγσγήο SNG   ( Weiss M.et al 2008) 

 

Η κεζαλνπνίεζε είλαη κηα θαηαιπηηθή αληίδξαζε πνπ νδεγεί ζηε κεηαηξνπή ηνπ 

παξαγφκελνπ απφ ηελ αεξηνπνίεζε αεξίνπ ζε κεζάλην. Η δηαδηθαζία απνηειείηαη απφ έλα 

κεραληζκφ πνιιαπιψλ πςειά εμψζεξκσλ αληηδξάζεσλ  κε απνηέιεζκα λα αλαθχπηνπλ 

ηερλνινγηθά εκπφδηα θαη απαηηήζεηο γηα ηελ θαηαζθεπή ηνπ αληηδξαζηήξα κεζαλνπνίεζεο. Η 

απνδνηηθφηεηα ελφο αληηδξαζηήξα κεζαλνπνίεζεο εμαξηάηαη απφ ηε ζχλζεζε ηνπ 

παξαγφκελνπ αεξίνπ (ην πνζνζηφ H2/CO, ην ελαπνκέλνλ πεξηερφκελν ζε CO2 , ηνπ 

θαηαιπηηθνχο ξχπνπο θ.ά.), ηε βέιηηζηε ζεξκνθξαζία θαη πίεζε ιεηηνπξγίαο θαζψο θαη ηελ 

επίδξαζε ηνπ αηκνχ ζηελ θαηαιπηηθή ελεξγεηηθφηεηα θαη ζηαζεξφηεηα (Eisenlohr, Moeller & 

Dry 1974). Ο πην ζπλεζηζκέλνο ηχπνο αληηδξαζηήξα πνπ ρξεζηκνπνηείηαη ζε βηνκεραληθέο 

εθαξκνγέο είλαη απηφο φπνπ ηα θαηαιπηηθά ζσκαηίδηα δηαηάζζνληαη ηπραία κέζα ζε 

θπιηλδξηθφ αληηδξαζηήξα ζε ζηαζεξέο ζέζεηο (ζηαζεξήο θιίλεο). Η γεσκεηξία ησλ 

θαηαιπηηθψλ ζσκαηηδίσλ δηαθέξεη αλάινγα κε ηελ εθαξκνγή θαη ηε ρξήζε ηνπ αληηδξαζηήξα 

θαζψο θαη αλάινγα κε ηε ρεκηθή ζχζηαζε ηνπ παξαγφκελνπ αεξίνπ. Σν κέγεζνο θαη ην 

ζρήκα ησλ ζσκαηηδίσλ επεξεάδεη ηελ εζσηεξηθή αληίζηαζε ζην θαηλφκελν ηεο δηάρπζεο, ηελ 

πηψζε ηεο πίεζεο ζηνλ αληηδξαζηήξα, αιιά θαη ηελ θαηαιπηηθή ελεξγεηηθφηεηα ιφγσ ηεο 

δηαζέζηκεο θαηαιπηηθήο ηνπο επηθάλεηαο. Η θαηαιπηηθή ζπκπεξηθνξά ησλ ζσκαηηδίσλ 

επεξεάδεηαη επίζεο απφ ηηο κεραληθέο ηδηφηεηεο ησλ θξακάησλ κεηάιισλ, απφ ηα νπνία 

απνηεινχληαη ηα ζσκαηίδηα. Η γεσκεηξία ηνπ αληηδξαζηήξα ζε ζπλδπαζκφ κε ηε γεσκεηξία 

ησλ ζσκαηηδίσλ παίδεη ζεκαληηθφ ξφιν θαζψο ε δηακφξθσζε ησλ πεδίσλ ξνήο, ηα πξνθίι 



   

ηαρχηεηαο θαη ζεξκνθξαζίαο ηνπ αληηδξαζηήξα θαη ε πηψζε πίεζεο είλαη άξξεθηα 

ζπλδεδεκέλα κε ηηο ζπζρεηίζεηο κεηαμχ ηνπ ελφο θαη ηνπ άιινπ ζσκαηηδίνπ, θαζψο θαη κεηαμχ 

ηνπ ζσκαηηδίνπ θαη ηνπ ηνηρψκαηνο ηνπ αληηδξαζηήξα. Οη ζπζρεηίζεηο απηέο ζπρλά 

αλαπαξηζηνχληαη κε ην κέγεζνο πνπ νξίδεηαη απφ ην πειίθν ηεο δηακέηξνπ ηνπ αληηδξαζηήξα 

πξνο ηε δηάκεηξν ηνπ ζσκαηηδίνπ. 

 

  
                            

                        
 

 

 
 

 Δμίζσζε 1 

Σν ξεπζηφ ξέεη αλάκεζα ζηα θελά πνπ ζρεκαηίδνληαη αλάκεζα ζηα ζσκαηίδηα αιιά θαη 

αλάκεζα ζηα ζσκαηίδηα θαη ζηνλ αληηδξαζηήξα. Σα αληηδξψληα ζπζηαηηθά απφ ηα νπνία 

απνηειείηαη ην ξεπζηφ κεηαθέξνληαη ζηελ επηθάλεηα ηνπ θαηαιπηηθνχ ζσκαηηδίνπ θαη ζηε 

ζπλέρεηα ζην πνξψδεο πιηθφ ηνπο,  φπνπ ιακβάλεη ρψξα ε ρεκηθή αληίδξαζε. Σα πξντφληα 

ηεο αληίδξαζεο κεηαθέξνληαη ζηε ζπλέρεηα ζηελ θπξίσο ξνή. Σα θαηλφκελα κεηαθνξάο 

κάδαο θαη ζεξκφηεηαο ιακβάλνπλ ρψξα ζε φιν ηνλ αληηδξαζηήξα. 

 

Οη αληηδξαζηήξεο κε ηπραία δηαηεηαγκέλα θαηαιπηηθά ζσκαηίδηα ρξεζηκνπνηνχληαη 

επξέσο ζε δηάθνξεο βηνκεραληθέο εθαξκνγέο. Ο ζρεδηαζκφο θαη ε θαηαζθεπή ηνπο απαηηεί 

ηνλ θαζνξηζκφ ησλ ραξαθηεξηζηηθψλ ιεηηνπξγίαο ηνπο θαη ηε ζσζηή δηαζηαζηνιφγεζε ηνπο. 

Πεηξακαηηθφο εμνπιηζκφο, ελδειερήο έξεπλα θαη καζεκαηηθή κνληεινπνίεζε 

επηζηξαηεχνληαη γηα απηφλ ηνλ ζθνπφ. Σν πην ζεκαληηθφ αιιά θαη επίκαρν ζέκα ζηελ 

κνληεινπνίεζε ηνπο είλαη ε πνηνηηθή θαη πνζνηηθή πεξηγξαθή ηεο ξνήο ηνπ ξεπζηνχ θαη ε 

κεηαθνξά ζεξκφηεηαο κέζα ζηνλ αληηδξαζηήξα. Οη ζπζρεηίζεηο κεηαμχ ηνπ ελφο ζσκαηηδίνπ 

θαη ηνπ άιινπ, κεηαμχ ηνπ ζσκαηηδίνπ θαη ηνπ ξεπζηνχ αιιά θαη κεηαμχ ηνπ ζσκαηηδίνπ θαη 

ηνπ αληηδξαζηήξα ζπληεινχλ ζην καθξφρξνλν πξφβιεκα ηεο πξφβιεςεο ησλ θαηλφκελσλ  

κεηαθνξάο ζηνλ αληηδξαζηήξα. 

 

Πνιιέο κειέηεο θαη έξεπλεο έρνπλ πξαγκαηνπνηεζεί ηηο πεξαζκέλεο δεθαεηίεο αιιά 

αθξηβείο ζπζρεηίζεηο δελ έρνπλ αλαθαιπθζεί θαη πνιιέο αληηθάζεηο πξνθχπηνπλ απφ ηε κηα 

έξεπλα ζηελ άιιε. Θεσξεηηθά κνληέια γηα κηθξήο θιίκαθαο αληηδξαζηήξεο έρνπλ 

αλαπηπρζεί βαζηζκέλα ζε πεηξακαηηθά δεδνκέλα. Η ζχλδεζε ησλ ηνπηθψλ ραξαθηεξηζηηθψλ 

ηεο ξνήο ζε κηθξήο θιίκαθαο αληηδξαζηήξεο κε ηελ νιηθή ξνή θαη ηα θαηλφκελα πνπ 

ιακβάλνπλ ρψξα ζε έλα βηνκεραληθφ αληηδξαζηήξα είλαη αξθεηά δχζθνιε. Η καζεκαηηθή 

κνληεινπνίεζε ηεο ζηαηηθήο θαη δπλακηθήο ζπκπεξηθνξάο ηνπ αληηδξαζηήξα έρεη κειεηεζεί 

εθηελψο (Wei James 1987, Dommeti, Balakotaiah & West 1999, Ioardanidis 2002). Οη 

εμηζψζεηο ζπλέρεηαο , νξκήο θαη ελέξγεηαο ζε ρσξηθέο δηαζηάζεηο κπνξεί λα δηαθέξνπλ απφ 

δηαθνξηθέο ζε κεξηθέο δηαθνξηθέο εμηζψζεηο αλάινγα ηηο ππνζέζεηο θαη ηε ρξήζε  



   

ζπγθεθξηκέλσλ κνληέισλ γηα ηελ πξφβιεςε ησλ θαηλφκελσλ. Η ζχλδεζε κεηαμχ ζηαηηθψλ 

κεγεζψλ, θαηλφκελσλ κεηαθνξάο θαη θηλεηηθήο νδεγνχλ ζε κε γξακκηθά κνληέια εμηζψζεσλ 

(Dommeti, Balakotaiah & West 1999). 

 

Η απμαλφκελε ππνινγηζηηθή δχλακε ηηο ηειεπηαίεο δεθαεηίεο παξέρεη ηε δπλαηφηεηα  

βειηηζηνπνίεζεο ηνπ ζρεδηαζκνχ κε ηε ρξήζε ηεο Τπνινγηζηηθήο Ρεπζηνκεραληθήο 

(Computational Fluid Dynamics (CFD)). Η απνδνηηθφηεηα θαη ε ιεηηνπξγία ηνπ κεραληθνχ 

εμνπιηζκνχ κπνξεί λα πξνβιεθζεί κε ηε ρξήζε ησλ CFD πξνζνκνηψζεσλ.  

 

Πνιιέο πξνζεγγίζεηο έρνπλ πξνηαζεί γηα ηελ πξνζνκνίσζε θαηαιπηηθψλ αληηδξαζηήξσλ. 

Δηδηθφηεξα γηα ηελ πεξίπησζε ησλ αληηδξαζηήξσλ δπν θάζεσλ ,αεξίνπ- ζηεξενχ, δχν 

κέζνδνη είλαη νη πην δηαδεδνκέλεο: ε κέζνδνο κε έλα νκνγελέο κέζν θαη ε δηαθξηηή κέζνδνο. 

 

Η απνδνηηθφηεηα θαη ε δηάξθεηα δσήο ηνπ θαηαιπηηθνχ αληηδξαζηήξα εμαξηάηαη απφ ην 

πνξψδεο πιηθφ θαη ηε γεσκεηξία ηνπ ζρεκαηηδφκελνπ θελνχ ρψξνπ πνπ ζεκαίλεη ηε ζέζε, ην 

ζρήκα, ηνλ πξνζαλαηνιηζκφ θαη ην κέγεζνο ησλ ζσκαηηδίσλ πνπ εκπεξηέρεη. Πνιιά 

πξνβιήκαηα πξνθχπηνπλ απφ απηή ηελ πεξίπινθε γεσκεηξία θαηά ηελ πξνζνκνίσζε αιιά 

θαη ζην ζρεδηαζκφ θαη ην πιέγκα ηεο γεσκεηξίαο. Αλαιπηηθφηεξα, νη γξακκέο ξνήο, ε 

θηλεκαηηθή ησλ αληηδξάζεσλ, ε επηθάλεηα φπνπ ιακβάλνπλ ρψξα νη αληηδξάζεηο , ηα 

κνληέια κεηαθνξάο κάδαο θαη ζεξκφηεηαο, ηα κνληέια ηχξβεο αιιά θαη ηα νξηαθά ζηξψκαηα 

γχξσ απφ ηα ζσκαηίδηα επεξεάδνπλ ηα απνηειέζκαηα, αιιά θαη ηελ αξηζκεηηθή ζχγθιηζε 

θαη δηάρπζε.  

 

ηνπο βηνκεραληθνχο αληηδξαζηήξεο φπνπ ην πειίθν δηακέηξνπ αληηδξαζηήξα θαη 

ζσκαηηδίνπ είλαη κηθξφ θαη ν αξηζκφο ζσκαηηδίσλ κεγάινο, ε ππνινγηζηηθή δχλακε θαζψο 

θαη ν ππνινγηζηηθφο ρξφλνο μεπεξλνχλ ηηο δηαζέζηκεο ππνινγηζηηθέο δπλαηφηεηεο. Γηα ην 

ιφγν απηφ ε κέζνδνο ηνπ ελφο κέζνπ πνπ αληηπξνζσπεχεηαη θπξίσο απφ ηε κέζνδν 

πξνζνκνηψζεσλ πνξσδψλ πιηθψλ πιενλεθηεί θαη είλαη ε πην θνηλψο ρξεζηκνπνηνχκελε 

κέζνδνο. Γηα ηε ρξήζε ηεο κεζφδνπ απαηηείηαη ε εηζαγσγή ηνπ πιέγκαηνο ζην ινγηζκηθφ θαη 

ν θαζνξηζκφο φισλ ησλ παξακέηξσλ γηα ην πνξψδε πιηθφ. Οη πφξνη ηνπ πιηθνχ δηαλέκνληαη 

κέζσ πξνζεγγηζηηθψλ ή ζεσξεηηθψλ εμηζψζεσλ θαηά ηελ νξηδφληηα θαη θαηαθφξπθε 

δηεχζπλζε ηνπ αληηδξαζηήξα θαη δξνπλ σο αληίζηαζε ζηελ θπξίσο ξνή αληηπξνζσπεχνληαο 

επηπξφζζεηεο θαηαβφζξεο ή πεγέο νξκήο. Η ζεξκνθξαζία, ε ηαρχηεηα, νη ζπληειεζηέο 

κεηαθνξάο ζεξκφηεηαο θαη φια ηα κεγέζε πνπ ραξαθηεξίδνπλ κηα ζπγθεθξηκέλε ζέζε 

αζξνίδνληαη ζηα ζεκεία φπνπ θαζνξίδνληαη νη πφξνη· θαη ζπλεπψο πξνζεγγηζηηθέο ηηκέο γηα 

ηα κεγέζε απηά ραξαθηεξίδνπλ ηε ζπκπεξηθνξά ηνπ αληηδξαζηήξα. Η πηψζε πίεζεο, ην 

πξνθίι ηαρχηεηαο θαη ζεξκνθξαζίαο, νη ζπληειεζηέο ζεξκηθήο αγσγηκφηεηαο θαη 



   

 

ζπλαγσγηκφηεηαο, νη ρεκηθέο αληηδξάζεηο, ην κνληέιν ηχξβεο θαη φια ηα κεγέζε 

επεξεάδνληαη απφ ηελ θαηαλνκή ησλ πφξσλ ζην πιηθφ. ηελ παξνχζα δηπισκαηηθή 

παξνπζηάδνληαη κειέηεο ζηηο νπνίεο ρξεζηκνπνηήζεθε ε κέζνδνο απηή θαζψο θαη άιιεο 

κέζνδνη πνπ ζεσξνχλ ην πιηθφ σο έλα νκνγελέο κέζν. 

 

Η δηαθξηηή κέζνδνο παξφηη δελ έρεη κειεηεζεί εθηελψο θαη ππάξρεη πεξηνξηζκέλε 

βηβιηνγξαθία γηα ηε ρξήζε ηεο, επηηξέπεη ηελ ηξηζδηάζηαηε ξεαιηζηηθή γεσκεηξία ηνπ 

αληηδξαζηήξα. Δθηφο απφ ηνλ πεξηνξηζκφ ηεο δηαζέζηκεο ππνινγηζηηθήο δχλακεο, ε 

πνιππινθφηεηα ηεο κεζφδνπ έγθεηηαη θαη ζην γεγνλφο ηνπ ζρεδηαζκνχ ηεο γεσκεηξίαο αιιά 

θπξίσο ζηε δεκηνπξγία ηνπ πιέγκαηνο. Μέρξη ηελ παξνχζα ρξνληθή πεξίνδν ζπγγξαθήο, 

δελ έρεη δεκηνπξγεζεί έλα πιέγκα πνπ πεξηέρεη ηα αθξηβή ζεκεία επαθήο κεηαμχ ησλ 

ζσκαηηδίσλ θαη κεηαμχ ζσκαηηδίσλ θαη αληηδξαζηήξα θαζψο θαη ηνλ αξηζκφ ζσκαηηδίσλ κε 

ηηο δηαζηάζεηο πνπ ρξεζηκνπνηνχληαη ζηηο βηνκεραληθέο εθαξκνγέο. Οη δπζθνιίεο ζηε 

δεκηνπξγία ηνπ ηξηζδηάζηαηνπ πιέγκαηνο γηα ηελ πνιχπινθε γεσκεηξία ηνπ αληηδξαζηήξα 

δελ θείληαη κφλν ζηηο δηαζέζηκεο ππνινγηζηηθέο δπλαηφηεηεο ηνπ ρξήζηε ιφγσ ηνπ αξηζκνχ 

ησλ θειηψλ, αιιά θαη ζηελ πνηφηεηα ηνπ δεκηνπξγνπκέλνπ πιέγκαηνο. Η δηαθξηηνπνίεζε ηνπ 

ρψξνπ έρεη εκθαλή επίδξαζε ζηε δηαθξηηνπνίεζε ησλ εμηζψζεσλ Η αξηζκεηηθή ζχγθιηζε, ε 

ζηαζεξφηεηα ηεο πξνζνκνίσζεο θαη ε αξηζκεηηθή δηάρπζε θαη επνκέλσο ε πνηφηεηα ησλ 

απνηειεζκάησλ θαζνξίδνληαη επί ην πιείζηνλ απφ ηελ πνηφηεηα ηνπ  πιέγκαηνο. Σν κέγεζνο 

ησλ θειηψλ, ε ππθλφηεηα ηνπ πιέγκαηνο θαζψο θαη ε ζηξεβιφηεηα ηνπο είλαη ελδεηθηηθνί 

παξάγνληεο ηεο πνηφηεηαο ηνπ πιέγκαηνο. Καηά ηε δεκηνπξγία πιέγκαηνο γηα 

αληηδξαζηήξεο πνπ εκπεξηέρνπλ θαηά βάζε θπιηλδξηθά ή ζθαηξηθά ζσκαηίδηα, πξνθχπηνπλ 

θειηά κε πςειή ζηξεβιφηεηα ζηα ζεκεία επαθήο κεηαμχ ησλ ζσκαηηδίσλ αιιά θαη ζηα 

ζεκεία επαθήο κε ηα ηνηρψκαηα ηνπ αληηδξαζηήξα. Η παξνπζία απηψλ ησλ ζηξεβιψλ 

θειηψλ κπνξεί λα νδεγήζεη ζε αξηζκεηηθή δηάρπζε, ζε κε ζχγθιηζε ηεο αξηζκεηηθήο κεζφδνπ 

ή αθφκα ζε ιαλζαζκέλα απνηειέζκαηα. ηελ Δηθφλα 2 παξνπζηάδνληαη ηα ζηξεβιά θειηά 

ζηα ζεκεία επαθήο ζθαηξηθψλ ζσκαηηδίσλ θαζψο θαη ν νξηζκφο ηεο ζηξεβιφηεηαο. 

 

 

 

 

   

    

 

     

 

 

 

Δηθφλα 2: ηξεβιφηεηα ησλ θειηψλ  

     

     



   

 Παξά ηα πξνβιήκαηα πνπ πξνθχπηνπλ ζηελ ηξηζδηάζηαηε αλαπαξάζηαζε ησλ ηπραία 

δηαηεηαγκέλσλ θαηαιπηηθψλ  ζσκαηηδίσλ θαη ηε δεκηνπξγία ελφο πνηνηηθνχ πιέγκαηνο, ε 

δηαθξηηή κέζνδνο παξνπζηάδεη νξηζκέλα πιενλεθηήκαηα ζε ζρέζε κε ηε κέζνδν ηνπ 

νκνγελνχο κέζνπ. Σν πεδίν ξνήο αληηπξνζσπεχεηαη απφ ξεαιηζηηθέο γξακκέο ξνήο ζηνλ 

ηξηζδηάζηαην ρψξν, ρσξίο ηελ εηζαγσγή πξνζεγγηζηηθψλ ζρέζεσλ ζηα κεγέζε γηα ηελ 

θαηαλνκή ησλ πφξσλ. Ο φγθνο ησλ ζσκαηηδίσλ έρεη ηελ αθξηβή ζέζε φπνπ θαη ιχλνληαη νη 

δηαθνξηθέο εμηζψζεηο. Η ξνή ζηνπο θαηαιπηηθνχο αληηδξαζηήξεο δελ κπνξεί λα 

ραξαθηεξηζζεί σο ζηξσηή , κεηαβαηηθή ή ηπξβψδεο θαζψο κεηαβάιιεηαη απφ ζεκείν ζε 

ζεκείν. Ο θαζνξηζκφο ηεο ηαρχηεηαο ζηα ηνπηθά ζεκεία παίδεη ζεκαληηθφ ξφιν ζην 

κεραληζκφ ηεο κεηαθνξάο ζεξκφηεηαο θαζψο ζηάζηκεο ξνέο επλννχλ ηε κεηαθνξά κε 

αγσγή. Η κεηαθνξά κάδαο θαη ζεξκφηεηαο είλαη επίζεο απαιιαγκέλε απφ πξνζεγγηζηηθέο 

ζρέζεηο θαη ηνπηθά θαηλφκελα δηάρπζεο, αγσγηκφηεηαο, ζπλαγσγήο πνπ ζπλδένληαη κε ηηο 

πεγέο ζεξκφηεηαο, δειαδή ηηο ρεκηθέο αληηδξάζεηο πνπ κπνξνχλ λα πξνβιεθζνχλ 

αθξηβέζηεξα ζηηο δηαθξηηέο ζέζεηο. 

 

Η επηινγή ηεο κεζφδνπ πξνζνκνίσζεο εμαξηάηαη απφ ηηο απαηηήζεηο ηνπ ρξήζηε, ηε 

δηαζέζηκε ππνινγηζηηθή δχλακε αιιά θαη ηηο ππνζέζεηο θαη πξνζεγγίζεηο ησλ κνληέισλ πνπ 

ζα ρξεζηκνπνηεζνχλ. ηελ παξνχζα δηπισκαηηθή εμεηάδεηαη ν ζρεδηαζκφο θαη ε δεκηνπξγία 

πιέγκαηνο γηα πξνζνκνηψζεηο κε ηε δηαθξηηή κέζνδν.  

 

ηε δηαηηζέκελε βηβιηνγξαθία, κε ρξήζε ηεο δηαθξηηήο κεζφδνπ, ην πξφβιεκα ησλ 

ζηξεβιψλ θειηψλ αληηκεησπίδεηαη κε δχν κνληέια. Σν πην επξέσο δηαδεδνκέλν είλαη 

πξνζεγγηζηηθφ κνληέιν αζηνρίαο πνπ αλαθέξεηαη σο “near-miss model”. Σν κνληέιν 

αλαπηχρζεθε απφ ηνπο Dixon & Nijemeisland θαη νπζηαζηηθά παξαιείπεη ηελ αλαπαξάζηαζε 

ησλ ζεκείσλ επαθήο κε κηθξή κείσζε ηεο αθηίλαο ησλ ζθαηξηθψλ (ηεο ηάμεο ηνπ 0,5-1%) θαη 

θπιηλδξηθψλ ζσκαηηδίσλ (ηεο ηάμεο ηνπ 1%). Σν θελφ πνπ δεκηνπξγείηαη αλάκεζα ζηα 

ζσκαηίδηα είλαη αλάινγν ηεο κείσζεο ηεο αθηίλαο θαη απαιείθεη ηε δεκηνπξγία ζηξεβιψλ 

θειηψλ ρσξίο λα επηθέξεη δξακαηηθέο αιιαγέο ζηα απνηειέζκαηα. Σν δεχηεξν κνληέιν 

ρξεζηκνπνηήζεθε απφ ηνλ Guardo θαη πεξηιακβάλεη ζσκαηίδηα πνπ επηθαιχπηνπλ ην έλα ην 

άιιν απμάλνληαο ηελ επηθάλεηα επαθήο. ηελ παξνχζα δηπισκαηηθή εμεηάζηεθε θαη έλα 

ηξίην κνληέιν απηφ ηνπ πξνζηηζέκελνπ φγθνπ ζθαίξαο αλάκεζα ζε ζσκαηίδηα πνπ 

εθάπηνληαη γηα ηελ απαινηθή ησλ ζηξεβιψλ θειηψλ ζηα ζεκεία επαθήο. 

 

Οη πξνζνκνηψζεηο κε ηε δηαθξηηή κέζνδν ιφγσ ησλ πξναλαθεξζέλησλ δπζθνιηψλ άξρηζαλ 

πξφζθαηα λα ιακβάλνπλ ρψξα. Πξνζνκνηψζεηο κε ζθαηξηθά ζσκαηίδηα έρνπλ 

πξαγκαηνπνηεζεί απφ δηάθνξνπο εξεπλεηέο κε πξσηνπφξνπο ηνπο Dixon & Nijemeisland. 

Σα πξψηα επαξθή απνηειέζκαηα δίλνληαη κε ηελ εηζαγσγή ηνπ “near-miss model” ην 2001 



   

γηα πειίθα δηακέηξσλ Ν=2 θαη Ν=4 θαη κέγηζην αξηζκφ ζθαηξψλ 44, επηθέξνληαο δηαθνξά 

ζεξκνθξαζίαο κέρξη 2 Κ ζε πςεινχο αξηζκνχο Reynolds θαη θαιή πνζνηηθή ζπκθσλία κε ηα 

πεηξακαηηθά δεδνκέλα. Οη έξεπλεο ηνπο ζπλερίζηεθαλ θαη επεθηάζεθαλ κέρξη ην 2008 

πξνβιέπνληαο πδξνδπλακηθά θαη ζεξκνθξαζηαθά πεδία γηα ζθαηξηθά θαη θπιηλδξηθά 

ζσκαηίδηα. Παξά ηα κηθξφ αξηζκφ ζσκαηηδίσλ θαη πειίθνπ δηακέηξσλ πνπ είλαη ελδεηθηηθφο 

ηεο δπζθνιίαο εθαξκνγήο ηεο δηαθξηηήο κεζφδνπ, νη έξεπλεο απηέο παξέρνπλ πινχζην πιηθφ 

γηα ηα θαηλφκελα ηεο ξνήο θαη ηεο κεηαθνξάο κάδαο θαη ζεξκφηεηαο γχξσ απφ ηα 

θαηαιπηηθά ζσκαηίδηα. Σα κνληέια ηχξβεο θαη κεηαθνξάο ζεξκφηεηαο πνπ 

ρξεζηκνπνηήζεθαλ θαζψο θαη ηα ρξήζηκα ζπκπεξάζκαηα παξαηίζεληαη ζηα αληίζηνηρα 

θεθάιαηα ηεο παξνχζαο δηπισκαηηθήο. Η Δηθφλα 3 παξνπζηάδεη κεξηθά απφ ηα 

απνηειέζκαηα ησλ εξεπλψλ απηψλ. 

 

Η 

δηαθ

ξηηή 

κέζν

δνο 

ρξεζ

ηκνπ

νηήζ

εθε θαη απφ ηνπο (Romkes S.J.P et al. 2003) γηα 8†16 ζθαηξηθά ζσκαηίδηα κε Ν=1†2 θαη 

απφ ηνπο (Guardo et al. 2005) γηα 44 ζθαίξεο θαη Ν=3,923. Δλδειερήο έξεπλα 

πξαγκαηνπνηήζεθε γηα ην ραξαθηεξηζκφ ηεο ξνήο, ηα κνληέια ηχξβεο θαη ηε ζπζρέηηζε ηνπ 

ηνπηθνχ αξηζκνχ Nusselt (Nu) κε ηνλ αξηζκφ Reynolds (Re). ηηο έξεπλεο πνπ 

πξαγκαηνπνηήζεθαλ απφ ηνπο  (Phavanee N. et al. 2009) θαη (Jafari et al. 2008) ν αξηζκφο 

ησλ ζθαηξψλ θηάλεη ηα 700 αιιά γηα ηελ επίηεπμε δεκηνπξγίαο πιέγκαηνο νη ζθαίξεο δελ 

εθάπηνληαλ κεηαμχ ηνπο. Η Δηθφλα 4 παξνπζηάδεη ηε ζχγθξηζε κεηαμχ ησλ εξεπλψλ ηνπο 

(Guardo et al. 2005) θαη ηηο έξεπλεο γηα πξνζνκνηψζεηο κε πεξηζζφηεξα ζθαηξηθά ζσκαηίδηα 

ρσξίο ζεκεία επαθήο. Λφγσ ηνπ κεγάινπ αξηζκνχ θειηψλ πνπ δεκηνπξγήζεθαλ γηα ηελ 

πξνζνκνίσζε νιφθιεξνπ ηνπ αληηδξαζηήξα, νη έξεπλεο απηέο πεξηνξίζηεθαλ ζηελ 

πξφβιεςε κφλν ηεο πδξνδπλακηθήο ζπκπεξηθνξάο ζε αληίζεζε κε ηηο έξεπλεο γηα κηθξφ 

αξηζκφ ζθαηξψλ πνπ επεθηείλνληαη θαη ζηε ζεξκηθή ζπκπεξηθνξά ηνπ αληηδξαζηήξα. 

 
 

 
 

N=2 N=4 

Γεκηνπξγνχκελν πιέγκα Γξακκέο ξνήο N=4 Γξακκέο ξνήο γηα N=4 

Δηθφλα 3:CFD πξνζνκνηψζεηο γηα ζθαίξεο θαη θπιίλδξνπο (Dixon A. G. 2001, Nijemeisland 
M. 2001, Nijemeisland, Dixon 2001, Nijemeisland, Dixon 2004,Nijemeisland, Dixon & Hugh 
Stitt 2004)) 



   

 

Οη (Motlagh, Hashemabadi 2008) πξνζνκνίσζαλ έλα εξγαζηεξηαθφ αληηδξαζηήξα κε 

Ν=2 κε 8 θπιηλδξηθά ζσκαηίδηα θαη ζπγθξίλαλε ηα απνηειέζκαηα κε πεηξακαηηθά δεδνκέλα 

ηεο εγθαηάζηαζεο. Η κέζνδνο δηαθξηηψλ ζηνηρείσλ DEM (Discrete Element Method) 

ρξεζηκνπνηήζεθε απφ ηνπο (Bai et al. 2009) γηα ηελ πξφβιεςε ησλ ηπραίσλ ζέζεσλ 

ζθαηξηθψλ θαη θπιηλδξηθψλ ζσκαηηδίσλ. 

 

Η κέζνδνο δηαθξηηψλ ζηνηρείσλ DEM είλαη κηα αξηζκεηηθή κέζνδνο πνπ πξνβιέπεη 

μερσξηζηά ηελ θίλεζε πνιιαπιψλ ζσκαηηδίσλ κε δηαθνξεηηθά κεγέζε ιχλνληαο ηηο 

εμηζψζεηο ηνπ δεχηεξνπ λφκνπ θίλεζεο ηνπ Newton. Η κέζνδνο αλαπηχρζεθε αξρηθά απφ 

ηνπο (Cundall, Strack 1979). Μέρξη ζήκεξα δηάθνξα κνληέια γηα ηηο αιιειεπηδξάζεηο κεηαμχ 

ηνπ ελφο θαη ηνπ άιινπ ζσκαηηδίνπ αιιά θαη κεηαμχ ηνπ ζσκαηηδίνπ θαη ξεπζηνχ έρνπλ 

πξνηαζεί γηα ηελ επέθηαζε ηεο κεζφδνπ ζε πεξηζζφηεξεο εθαξκνγέο. ηελ παξνχζα 

δηπισκαηηθή παξαηίζεληαη δηάθνξα δηαζέζηκα ινγηζκηθά κε εκπνξηθνχο ή αλνηρηνχο θψδηθεο 

γηα ηε ρξήζε ηεο κεζφδνπ δηαθξηηψλ ζηνηρείσλ DEM. Ο ζπλδπαζκφο ηεο κεζφδνπ κε ηε CFD 

κέζνδν έρεη αλαπηπρζεί πξφζθαηα θαη βξίζθεη πνιιέο ηερλνινγηθέο εθαξκνγέο. Τπάξρνπλ 

δχν ηξφπνη ζπλδπαζκνχ ησλ κεζφδσλ: ν άκεζνο ηξφπνο ή αιιηψο παξάιιειε ρξήζε ησλ 

δχν κεζφδσλ θαη ν έκκεζνο ηξφπνο ή ζηαδηαθφο ππνινγηζκφο  ή αιιηψο ζεηξηαθή ρξήζε. 

ηελ πξψηε πεξίπησζε, ε DEM κέζνδνο ππνινγίδεη ηηο ζέζεηο ηνπ ζσκαηηδίνπ θαη επηζέηεη 

ηηο δπλάκεηο πνπ αζθνχληαη ζε απηφ απφ ηηο αιιειεπηδξάζεηο κε ην ξεπζηφ θαη απφ ηα άιια 

ζσκαηίδηα ζε έλα ππνινγηζηηθφ θειί ην ζπγθεθξηκέλν ρξνληθφ βήκα. Σα απνηειέζκαηα 

εηζάγνληαη ζηνλ CFD θψδηθα φπνπ ππνινγίδνληαη εθ λένπ νη δπλάκεηο πνπ αζθνχληαη ζην 

ξεπζηφ. ηε ζπλέρεηα νη ζπληζηάκελεο δπλάκεηο κεηαθέξνληαη ζηνλ θψδηθα DEM γηα λα 

μεθηλήζεη ν ππνινγηζκφο γηα ην επφκελν ρξνληθφ βήκα. ηελ Δηθφλα 5 παξνπζηάδεηαη ε 

δηαδηθαζία πνπ αθνινπζείηαη γηα ηνλ άκεζν ζπλδπαζκφ ησλ CFD- DEM κεζφδσλ θαζψο θαη 

κεξηθά παξαδείγκαηα εθαξκνγψλ ηνπο φπσο ξεπζηνπνηεκέλε θιίλε, εηζαγσγή θφθθσλ κε 

δέζκε λεξνχ θαη πλεπκαηηθή κεηαθνξά ζσκαηηδίσλ. 

 
 

 
 

 

 

Πιέγκα θαη ζεξκνθξαζηαθφ πξνθίι γηα 44 
ζθαίξεο  (Guardo et al. 2005) 

Πξνθίι ηαρχηεηαο απφ ηηο έξεπλεο (Phavanee N. 
et all 2009) θαη (Jafari et all 2008) αληίζηνηρα 

Δηθφλα 4: Πξνζνκνηψζεηο θαηαιπηηθψλ αληηδξαζηήξσλ  



   

 

 

 

 

 

 

Ο έκκεζνο ηξφπνο ή ζεηξηαθφο επηηξέπεη ηελ μερσξηζηή ιεηηνπξγία ησλ δχν κεζφδσλ 

θαηά ηελ νπνία ηα απνηειέζκαηα απφ ηε DEM κέζνδν ρξεζηκνπνηνχληαη γηα ην ζρεδηαζκφ 

ηεο γεσκεηξίαο θαη ηνπ πιέγκαηνο πνπ εηζέξρνληαη έπεηηα ζηνλ CFD θψδηθα φπσο θαίλεηαη 

ζηελ Δηθφλα 6. 

 

 

Δηθφλα 5: εηξηαθή ρξήζε DEM-CFD 

 

Η ζεηξηαθή ρξήζε CFD-DEM ελδείθλπηαη γηα ηηο πξνζνκνηψζεηο αληηδξαζηήξσλ κε ηπραία 

δηαηεηαγκέλα ζσκαηίδηα ζε ζηαζεξή θιίλε, δηφηη ηα ζσκαηίδηα παξακέλνπλ ζε ζηαζεξέο 

ζέζεηο κέζα ζηνλ αληηδξαζηήξα. Η ζεηξηαθή ρξήζε CFD-DEM ρξεζηκνπνηήζεθε απφ ηνπο 

(Bai et al. 2009) γηα ηελ πξφβιεςε πδξνδπλακηθήο ζπκπεξηθνξάο θαζ‟ φινλ ην κήθνο ηνπ 

αληηδξαζηήξα κε ζθαηξηθά ή θπιηλδξηθά ζσκαηίδηα γηα Ν<4. Σν εκπνξηθφ ινγηζκηθφ PFC3D 

ρξεζηκνπνηήζεθε γηα ηελ πξφβιεςε ησλ ζέζεσλ ησλ ζσκαηηδίσλ. ζσκαηηδίσλ. Δηδηθφηεξα 

γηα ηα θπιηλδξηθά ζσκαηίδηα, ρξεζηκνπνηήζεθαλ 1000 ζθαίξεο γηα λα πξνζνκνηψζνπλ έλα 

θχιηλδξν θαζψο ηα πεξηζζφηεξα ινγηζκηθά ιεηηνπξγνχλ κφλν κε ζθαηξηθά ζσκαηίδηα. ηελ 

Δηθφλα 6 θαίλνληαη ηα απνηειέζκαηα ησλ πξνζνκνηψζεσλ γηα ζθαίξεο θαη θπιίλδξνπο. Σν 

πιέγκα θαη γηα ηηο δπν πεξηπηψζεηο δεκηνπξγήζεθε κε ηε ρξήζε ηνπ “near-miss model”. 

 

DEM

•Positions and velocities of every particle

•Porosity and volumetric particle to fluid 
forces in one computational cell

CFD
•Flow pattern as a continuous phase

•Fluid drag  forces from the gas flow 

DEM
•Incorporation of resulting forces 

•next time step

DEM
Mesh 

generation
CFD

Δηθφλα 5: Παξάιιειε ρξήζε DEM-CFD θαη νη εθαξκνγέο ηεο 
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παξνπζηάδεηαη ζην θεθάιαην 2 ηεο παξνχζαο δηπισκαηηθήο, παξαηίζεηαη θαη κηα ζπγθξηηηθή 

έξεπλα γηα ηα δηάθνξα κνληέια πνπ ρξεζηκνπνηήζεθαλ ζηηο έξεπλεο απηέο. Σν πξφβιεκα 

ηεο κνληεινπνίεζεο ηεο ηχξβεο θαη ηα δηαθνξεηηθά απνηειέζκαηα πνπ πξνθχπηνπλ κε ηε 

ρξήζε κνληέισλ κηαο ή δπν εμηζψζεσλ παξνπζηάδνληαη ζην ηέινο ηνπ θεθαιαίνπ. Η 

επηξξνή ηεο αδηάζηαηεο κεηαβιεηήο  y+ πνπ ραξαθηεξίδεη ηελ πνηφηεηα ηνπ πιέγκαηνο γηα 

ηελ πξφβιεςε ησλ νξηαθψλ ζηξσκάησλ ζηα ζηεξεά φξηα, κειεηήζεθε απφ φινπο ηνπο 

εξεπλεηέο γηα δηάθνξα εχξε ηνπ αξηζκνχ Re. Σν κνληέιν ηχξβεο ησλ Spalart-Allmaras 

πξνηάζεθε απφ ηνπο (Guardo et al. 2005) ελψ νη πεξηζζφηεξνη εξεπλεηέο θαηαιήγνπλ ζηε 

ρξήζε ηνπ κνληέινπ k- ε RNG. Η ζσζηή πξφβιεςε ηνπ πδξνδπλακηθνχ πεδίνπ γχξσ απφ ηα 

ζηεξεά θαηαιπηηθά ζσκαηίδηα επεξεάδεη άκεζα ην κεραληζκφ κεηαθνξάο ζεξκφηεηαο. 

Δπνκέλσο ε επηινγή ηνπ ζσζηνχ κνληέινπ παίδεη θαηαιπηηθφ ξφιν. Σν k- ε RNG ζεσξήζεθε 

φηη πξνβιέπεη θαιχηεξα ηε ζπκπεξηθνξά ηεο ξνήο γχξσ απφ θακππιφγξακκα νξηαθά 

ζηξψκαηα. Σα κνληέια RSM θαη LES απαηηνχλ πεξηζζφηεξν ππνινγηζηηθφ ρξφλν θαη δχλακε 

θαη ρξεζηκνπνηήζεθαλ γηα ηε ζχγθξηζε ησλ απνηειεζκάησλ ζε ζρέζε κε ηα δηάθνξα 

κνληέια. Γηα ηνλ αξηζκφ ησλ θειηψλ πνπ απαηηείηαη γηα πξνζνκνηψζεηο κε ηε δηαθξηηή 

κέζνδν, ην κνληέιν  k- ε RNG απνδείρζεθε φηη είλαη επαξθέο. Η κεηαθνξά ζεξκφηεηαο κε 

αθηηλνβνιία απνδείρζεθε απφ ηνπο (Nijemeisland, Dixon 2001)  φηη δελ παίδεη ζεκαληηθφ 

ξφιν θαη γηα ην ιφγν απηφ δελ ρξεζηκνπνηήζεθε ζε πεξαηηέξσ έξεπλεο. Οη ζπληειεζηέο ηεο 

αθηηληθήο ζεξκηθήο αγσγηκφηεηαο, ηεο ζεξκηθήο αγσγηκφηεηαο ηνπ ξεπζηνχ θαη ν ηνπηθφο 

αξηζκφο Nu, αληίζεηα, παίδνπλ ζεκαληηθφ ξφιν ζηε δηακφξθσζε ηνπ ζεξκνδπλακηθνχ 

πεδίνπ. Οη ζπληειεζηέο απηνί ζρεηίδνληαη άκεζα κε ηνλ αξηζκφ Re αιιά θαη κε ην πειίθν 

δηακέηξσλ Ν θαη δηαθνξνπνηνχληαη αξθεηά κε ηε κεηάβαζε ηεο ξνήο απφ ζηξσηή ζε 

ηπξβψδε.  Η ρξήζε ηνπ “near-miss” model επέθεξε ηελ ππεξεθηίκεζε ηεο ζεξκνθξαζίαο 

θαηά 2,5 Κ γηα ξνέο κε Re=1922 (Nijemeisland, Dixon 2001). Λφγσ ηεο κηθξήο απηήο 

δηαθνξάο, ην κνληέιν ζεσξήζεθε επαξθέο θαη ρξεζηκνπνηήζεθε απφ πνιινχο εξεπλεηέο.  Ο 

 

 

 

 
 

Κπιηλδξηθά ζσκαηίδηα  θαηξηθά ζσκαηίδηα 

Δηθφλα 6: Απνηειέζκαηα CFD-DEM πξνζνκνηψζεσλ (Bai et al. 2009)  



   

κεραληζκφο ηεο κεηαθνξάο ζεξκφηεηαο κε αγσγή είλαη θπξίαξρνο φηαλ ε ξνή γχξσ απφ ηα 

ζηεξεά φξηα είλαη ζηάζηκε. ηα ίδηα ζπκπεξάζκαηα θαηέιεμαλ θαη νη (Guardo et al. 2006), 

δηαηππψλνληαο φηη ε κεηαθνξά ζεξκφηεηαο απφ ην ζηεξεφ θαηαιχηε ζην πγξφ παίδεη κηθξφ 

ξφιν γηα κηθξνχο αξηζκνχο Re. Η κεηαθνξά ζεξκφηεηαο απφ ηηο ρεκηθέο αληηδξάζεηο 

κνληεινπνηήζεθε κε ηελ εηζαγσγή  πεγψλ ελέξγεηαο ζε πνζνζηφ ηεο επηθάλεηαο ησλ 

θαηαιπηηθψλ ζσκαηηδίσλ (Nijemeisland, Dixon & Hugh Stitt 2004). Σα απνηειέζκαηα 

έδσζαλ δηαθνξεηηθά ζεξκηθά πξνθίι θαζψο θαη ζεξκνθξαζίεο ζηα ηνηρψκαηα ηνπ 

αληηδξαζηήξα. Η κειέηε ηεο κεηαθνξά ζεξκφηεηαο κε αγσγή απφ ηα ηνηρψκαηα ηνπ 

αληηδξαζηήξα απέδεημε φηη ν κέζνο φξνο ησλ ζεξκνθξαζηψλ ζηα ηνηρψκαηα δελ 

επεξεάδεηα,η παξά ηελ εμνκάιπλζε ησλ αθξαίσλ ηηκψλ. Δπηπιένλ θακία νπηηθή δηαθνξά δελ 

παξαηεξήζεθε ζηα αθηηληθά πξνθίι ζεξκνθξαζηψλ (Dixon, Nijemeisland & Stitt 2005). ηελ 

έξεπλα ησλ (Romkes S.J.P et al. 2003), ε κεηαθνξά ζεξκφηεηαο απφ ρεκηθέο αληηδξάζεηο 

κνληεινπνηήζεθε κε ηελ εηζαγσγή δηαθνξεηηθψλ ζεξκνθξαζηψλ ζηελ επηθάλεηα νξηζκέλσλ 

θαηαιπηηθψλ ζσκαηηδίσλ. Σα απνηειέζκαηα παξνπζηάδνπλ κηα απφθιηζε ηεο ηάμεο ηνπ 15% 

γηα ηηο ζπζρεηίζεηο κεηαμχ ησλ αξηζκψλ Re θαη Nu αλάκεζα ζηα ηηκέο πνπ πξνέθπςαλ απφ 

ηηο πξνζνκνηψζεηο θαη ηα πεηξακαηηθά δεδνκέλα. Η κνληεινπνίεζε κε ηελ εηζαγσγή 

δηαθνξεηηθψλ ζεξκνθξαζηψλ ζηελ επηθάλεηα ησλ θαηαιπηηθψλ ζσκαηηδίσλ ρξεζηκνπνηήζεθε 

θαη ζηηο έξεπλεο ησλ (Guardo et al. 2005) θαη (Motlagh, Hashemabadi 2008). Υξήζηκα 

ζπκπεξάζκαηα πξνθχπηνπλ απφ ηελ έξεπλα ησλ (Motlagh, Hashemabadi 2008) γηα ηε 

δηαθνξνπνίεζε ηνπ ηνπηθνχ αξηζκνχ Nu αλάινγα κε ηε ζέζε θαη ην ζρήκα ηνπ εθάζηνηε 

ζσκαηηδίνπ. ηελ έξεπλα ησλ (Jafari et al. 2008), φπνπ έγηλε ρξήζε ηνπ κνληέινπ 

πξφβιεςεο ηχξβεο, ην θαηλφκελν ηεο κεηαθνξάο ζεξκφηεηαο δε κειεηήζεθε ιφγσ ηεο 

πνιππινθφηεηαο ηνπ ζπζηήκαηνο εμηζψζεσλ πξνο επίιπζε θαη ηεο απαηηνχκελεο 

ππνινγηζηηθήο δχλακεο. Δπηπξφζζεηα ζηελ έξεπλα ησλ (Bai et al. 2009) φπνπ ε κέζνδνο 

DEM ρξεζηκνπνηήζεθε γηα ηελ πξφβιεςε ηεο ηπραίαο δηάηαμεο ησλ ζσκαηηδίσλ ζε φιν ηνλ 

αληηδξαζηήξα θαη ηε δεκηνπξγία πιέγκαηνο, ε κεηαθνξά ζεξκφηεηαο δελ πεξηιήθζεθε ζηηο 

πξνζνκνηψζεηο. 

 

Σα ζπκπεξάζκαηα πνπ πξνθχπηνπλ απφ ηηο έξεπλεο απηέο παξαηίζεληαη πεξηιεπηηθά ζηε 

ζπλέρεηα. Ο κεραληζκφο κεηάβαζεο ηεο ξνήο απφ ζηξσηή ζε ηπξβψδε δελ κπνξεί λα 

πξνβιεθζεί κε αθξίβεηα. Η ξνή κπνξεί λα δηαθνξνπνηείηαη απφ ζηξσηή ζε ηπξβψδε κέζα 

ζηνλ αληηδξαζηήξα αλάινγα ηε γεσκεηξία ηνπ. Απηφ ζπκβαίλεη ιφγσ ηεο γεσκεηξίαο ησλ 

ζσκαηηδίσλ, ηνπ κεγέζνπο θαη ηνπ ζρήκαηνο πνπ νξίδνπλ ην είδνο θαη ηε ζπκπεξηθνξά ηεο 

ηνπηθήο ξνήο. Μηθξέο ή κεγάιεο δίλεο, ζηάζηκα ζεκεία ή ξνέο γχξσ απφ ηα ζσκαηίδηα ή 

θνληά ζηα ζεκεία επαθήο ηνπο είλαη ηα ηδηαίηεξα ραξαθηεξηζηηθά ηεο πξνζνκνησκέλεο 

γεσκεηξίαο. Έξπνπζεο θαη ζηξσηέο ξνέο εληείλνπλ ην κεραληζκφ κεηαθνξάο ζεξκφηεηαο κε 

αγσγή. Αληίζεηα, ηπξβψδεηο ξνέο εληζρχνπλ ην θαηλφκελν ηεο δηαζπνξάο θαη ηεο δηάρπζεο 



   

θαη δηαθνξεηηθά απνηειέζκαηα ζην πδξνδπλακηθφ θαη ζεξκηθφ πξνθίι ηνπ αληηδξαζηήξα 

πξνθχπηνπλ απφ ηε ρξήζε δηαθφξσλ κνληέισλ ηχξβεο.  Οη δηαθπκάλζεηο ηεο ηαρχηεηαο 

θνληά ζηα ηνηρψκαηα ηνπ αληηδξαζηήξα παίδνπλ ζεκαληηθφ ξφιν ζηνπο κεραληζκνχο 

κεηαθνξάο ζεξκφηεηαο. Δπηπιένλ ν ηνπηθφο αξηζκφο Nu επεξεάδεηαη απφ ην ζρήκα θαη ηε 

ζέζε ησλ ζσκαηηδίσλ εθηφο απφ ηελ εμάξηεζε ηνπ απφ ηελ ηνπηθή ξνή θαη ηνλ αξηζκφ Re. 

Κακία γελίθεπζε ή αθξηβήο κεζνδνινγία δελ κπνξεί λα εθαξκνζζεί κέρξη ζηηγκήο γηα ηνπο 

αληηδξαζηήξεο κε ηπραία δηαηεηαγκέλα θαηαιπηηθά ζσκαηίδηα γηα ηα πνιπάξηζκα κεγέζε θαη 

γεσκεηξίεο ησλ ζσκαηηδίσλ θαη ηα δηαθνξεηηθά πειίθα δηακέηξσλ πνπ κπνξεί λα 

πξνθχπηνπλ. Αλάινγα ην κέγεζνο ηνπ πιέγκαηνο, ηελ επάξθεηα ηνπ ζηα ζηεξεά φξηα, ην 

ρξεζηκνπνηνχκελν κνληέιν ηχξβεο θαη ην κεραληζκφ κεηαθνξάο ζεξκφηεηαο, δηαθνξεηηθνί 

ζπιινγηζκνί πξέπεη λα εθαξκφδνληαη ζηελ εθάζηνηε πξνζνκνίσζε. Η βηβιηνγξαθηθή έξεπλα 

πνπ πεξηιακβάλεηαη ζηελ παξνχζα δηπισκαηηθή, παξνπζηάδεη κνληέια πνπ 

ρξεζηκνπνηήζεθαλ δίλνληαο επαξθή απνηειέζκαηα αιιά θάζε εθαξκνγή απαηηεί ηε 

δηεξεχλεζε γηα ηα πην θαηάιιεια κνληέια  θαη ηε ζχγθξηζε ησλ απνηειεζκάησλ κε 

πεηξακαηηθά δεδνκέλα. 

 

 Η DEM κέζνδνο ρξεζηκνπνηείηαη γηα ηελ πξφβιεςε ηεο θίλεζεο θαη ηεο ζέζεο 

μερσξηζηψλ ζσκαηηδίσλ ή ελφο ζπλφινπ απηψλ ζχκθσλα κε ην δεχηεξν λφκν ηνπ Newton. 

Οη αιιειεπηδξάζεηο κεηαμχ ησλ ζσκαηηδίσλ ,νη νπνίεο νξίδνπλ θαη ηηο εθαξκνδφκελεο 

δπλάκεηο πάλσ ζηα ζσκαηίδηα ρξήδνπλ ηδηαίηεξεο ζεκαζίαο. Δηδηθφηεξα νη εζσηεξηθέο 

δπλάκεηο δηαθνξνπνηνχληαη απφ ην έλα ινγηζκηθφ ζην άιιν. Όηαλ ε κέζνδνο 

πξσηνεθαξκφζζεθε απφ ηνπο  (Cundall, Strack 1979) νη δπλάκεηο απηέο ππνινγίδνληαλ 

βαζηζκέλεο ζην κνληέιν ειαηεξίνπ θαη  ζηελ ηξηβή νιίζζεζεο. ε απηφ ην κνληέιν πνπ 

νλνκάδεηαη κνληέιν “ήπηαο επαθήο” ή κνληέιν “κεηαηηζέκελεο δχλακεο”, νη δπλάκεηο 

ππνινγίδνληαη φηαλ ηα ζηνηρεία ή ζσκαηίδηα εηζρσξνχλ ειάρηζηα ην έλα κέζα ζην άιιν.  Η 

εηζρψξεζε ή επηθάιπςε απηή, παξφιν πνπ δελ  είλαη ξεαιηζηηθή, εηζάγεηαη νχησο ψζηε λα 

ιάβεη ππφςηλ ηελ παξακφξθσζε πνπ παξαηεξείηαη ζηα επηθαλεηαθά ζηξψκαηα ησλ 

ζηνηρείσλ (Donzé, Richefeu & Magnier 2009). Δλαιιαθηηθά κνληέια γλσζηά σο “κε-ήπηαο 

επαθήο” κπνξνχλ λα θαηεγνξηνπνηεζνχλ ζε κεζφδνπο κεραληθέο επαθήο ή νκαιέο 

κεζφδνπο. Οη νκαιέο κέζνδνη δελ είλαη θαηάιιειεο γηα πξνζνκνηψζεηο πνιιψλ ζσκαηηδίσλ 

πνπ έξρνληαη ζε επαθή ην έλα κε ην άιιν αληίζεηα κε ηηο κεζφδνπο κεραληθήο επαθήο 

(Moreau 1999, Luding S. et al. 1996). 

 

Ο δεχηεξνο λφκνο ηνπ Newton πεξηγξάθεη ηελ θίλεζε ησλ ζσκαηηδίσλ  κε ηελ παξαθάησ 

εμίζσζε: 

 



   

  

   

  
               

  

       

        

  

     Δμίζσζε 2 

 
φπνπ    θαη     ε κάδα θαη ε ηαρχηεηα αληίζηνηρα ηνπ ζσκαηηδίνπ i ,       ε δχλακε επαθήο 

κεηαμχ ηνπ ζσκαηηδίνπ i θαη ηνπ ζσκαηηδίνπ j,       ε ζπλεθηηθή δχλακε απφζβεζεο θαη     ε 

δχλακε ηεο βαξχηεηαο.    είλαη άιιεο δπλάκεηο πνπ κπνξνχλ λα δξνπλ πάλσ ζην ζσκαηίδην 

ζπκπεξηιακβαλνκέλνπ ησλ ειεθηξνκαγλεηηθψλ δπλάκεσλ θαη ησλ δπλάκεσλ πνπ 

πξνθχπηνπλ απφ ηελ αιιειεπίδξαζε ξεπζηνχ θαη πγξνχ θαη ζα ακειεζνχλ ζηελ παξνχζα 

εξγαζία. Η δχλακε ηεο βαξχηεηαο εθαξκφδεηαη ζην θέληξν κάδαο ηνπ ζσκαηηδίνπ ελψ νη 

εζσηεξηθέο δπλάκεηο επαθήο ζην ζεκείν επαθήο ησλ ζσκαηηδίσλ. ηα πεξηζζφηεξα DEM 

ινγηζκηθά, ρξεζηκνπνηείηαη κφλν ε γεσκεηξία ηνπ ζθαηξηθνχ ζσκαηηδίνπ ιφγσ ηεο 

απιφηεηαο πνπ παξνπζηάδεη. Η γεσκεηξία ηεο ζθαίξαο απαηηεί κφλν ηνλ νξηζκφ ηεο αθηίλαο 

θαη επηηξέπεη ηνλ εχθνιν εληνπηζκφ ησλ ζεκείσλ επαθήο κεηψλνληαο ηελ πνιππινθφηεηα 

ηνπ κνληέινπ αιιά θαη ηηο ππνινγηζηηθέο απαηηήζεηο (Donzé, Richefeu & Magnier 2009). 

 

Οη εζσηεξηθέο δπλάκεηο επαθήο δηαθξίλνληαη ζε εθαπηνκεληθέο θαη θάζεηεο δπλάκεηο θαη 

εθαξκφδνληαη φηαλ νη ζθαίξεο βξίζθνληαη ζε κεραληθή επαθή. Γχν ζθαίξεο βξίζθνληαη ζε 

κεραληθή επαθή φηαλ ε απφζηαζε ησλ θέληξσλ ηνπο είλαη κηθξφηεξε απφ ηελ απφζηαζε 
ij  

πνπ νξίδεηαη απφ ην άζξνηζκα ησλ αθηηλψλ ηνπο  ζε κηα δηεχζπλζε. φπσο θαίλεηαη ζηελ 

Δηθφλα 7. Όηαλ δπν ζσκαηίδηα ζπγθξνχνληαη, έλα κέξνο ηεο θηλεηηθήο ηνπο ελέξγεηαο 

εθιχεηαη ην νπνίν γηα παξάδεηγκα κπνξεί λα κεηαηξέπεηαη ζε ζεξκφηεηα. ηηο 

πξνζνκνηψζεηο κε θνθθψδε ζσκαηίδηα, ην ζρήκα ηνπ ζσκαηηδίνπ ζεσξείηαη  ακεηάβιεην θαη 

ε δηαθνξά ζεξκνθξαζίαο πνπ πξνθχπηεη ζπλήζσο ζεσξείηαη ακειεηέα (Pöschel T., 

Schwager T. 2005). Σν γξακκηθφ κνληέιν ειαηεξίνπ ησλ (Cundall, Strack 1979) εθηφο απφ 

ηηο δπλάκεηο επαθήο κνληεινπνηεί απηή ηελ εθιπφκελε ελέξγεηα κε ηελ εηζαγσγή ηεο 

ζπλεθηηθήο δχλακεο απφζβεζεο. 

 

 

      
        

  
                                          

 
                                               

  

                         Δμίζσζε 3 

 

Δηθφλα 7: Δζσηεξηθέο δπλάκεηο  



   

 
Η Δμίζσζε 3 παξνπζηάδεη ηηο εμηζψζεηο ηνπ κνληέινπ φπνπ Κ είλαη ν ζηαζεξφο 

ζπληειεζηήο ειαζηηθφηεηαο ή δπζθακςίαο, i  ν ζπληειεζηήο απφζβεζεο ηνπ ζσκαηηδίνπ i 

θαη          ε ζρεηηθή ηαρχηεηα κεηαμχ ησλ ζσκαηηδίσλ i θαη j. Οη εθαπηνκεληθέο 

ζπληζηψζεο ησλ δπλάκεσλ απηψλ θαζνξίδνληαη απφ ηηο επηθαλεηαθέο ηδηφηεηεο ηνπ 

ζσκαηηδίνπ. Η ηξηβή κεηαμχ ησλ ζσκαηηδίσλ κνληεινπνηείηαη κε ηηο εθαπηνκεληθέο δπλάκεηο 

θαη κπνξεί λα είλαη ζηαηηθή ή δπλακηθή κε βάζε ηνλ νξηζκφ ησλ παξακέηξσλ ηνπ κνληέινπ. 

Γηα κεγάιεο θάζεηεο δπλάκεηο ή ζρεηηθά κηθξέο ηαρχηεηεο, ε έθθξαζε ηεο εθαπηνκεληθήο 

δχλακεο επαθήο δίλεηαη απφ ηελ Δμίζσζε 4 (ζηαηηθή ηξηβή βάζεη ηνπ λφκνπ Coulomb). 

                         Δμίζσζε 4 

 

Γηαθνξεηηθά φηαλ πξνθχπηεη νιίζζεζε (δπλακηθή ηξηβή) δίλεηαη απφ ηελ Δμίζσζε 5. 

                         Δμίζσζε 5 

Όηαλ πξνθχπηεη νιίζζεζε κεηαμχ ησλ δπν ζσκαηηδίσλ, ππνινγίδεηαη κφλν ε δχλακε ηεο 

ηξηβήο πνπ ιακβάλεη ππφςηλ ηελ εθιπφκελε ελέξγεηα θαη ε δχλακε ζπλεθηηθφηεηαο ακειείηαη 

(Cundall, Strack 1979). Πνιιά κνληέια επαθήο έρνπλ πξνηαζεί γηα ηελ κέζνδν DEM 

ζπκπεξηιακβαλνκέλσλ ηνπ γξακκηθνχ κνληέινπ ειαηεξίνπ ησλ (Cundall, Strack 1979) θαη 

ηνπ Hertzian κνληέινπ (Malone, Xu 2008). ηα πιαίζηα ηεο παξνχζαο δηπισκαηηθήο 

ρξεζηκνπνηήζεθε θαη αλαιχζεθε κφλν ην γξακκηθφ κνληέιν ησλ (Cundall, Strack 1979) θαη 

πεξηζζφηεξεο ιεπηνκέξεηεο κπνξνχλ λα επξεζνχλ ζηα αληίζηνηρα κέξε ηνπ θψδηθα DEM 

πνπ ρξεζηκνπνηήζεθε. 

 

Οη αιιειεπηδξάζεηο κεηαμχ ζσκαηηδίσλ θαη ησλ νξίσλ ηνπ ζπζηήκαηνο ρξήδνπλ επίζεο 

εμαηξεηηθήο ζεκαζίαο. Γηα παξάδεηγκα νη κεραληθέο ηδηφηεηεο ηνπ πεξηέρνληνο δνρείνπ ή 

εμνπιηζκνχ, ε θίλεζε ή κε ησλ ηνηρσκάησλ ηνπ, ην ζρήκα, ην κέγεζνο θαη ε ειαζηηθφηεηα 

ηνπ επηδξνχλ ζηηο δπλάκεηο πνπ αζθνχληαη ζηα ζσκαηίδηα απφ ηα φξηα ή ηνηρψκαηα ηνπ 

δνρείνπ. Οη εξεπλεηέο  (Pöschel T., Schwager T. 2005) πξνηείλνπλ ηελ θαηαζθεπή ηεο 

γεσκεηξίαο απφ ζηαζεξά ζσκαηίδηα γηα ηελ νκαιφηεηα ππνινγηζκνχ ησλ δπλάκεσλ. ε 

πνιιέο εθαξκνγέο ηεο κεζφδνπ ρξεζηκνπνηνχληαη ζηαζεξά ή θηλεηά ηνηρψκαηα κε 

δηαθνξεηηθά κνληέια γηα ηηο δπλάκεηο επαθήο ηνηρψκαηνο ζσκαηηδίνπ.   

 

ηηο ηερλνινγηθέο θαη θπζηθέο εθαξκνγέο ηεο κεζφδνπ, ε γεσκεηξία ηεο ζθαίξαο δελ είλαη 

επαξθήο γηα λα πεξηγξάςεη ην ζρήκα ησλ ζσκαηηδίσλ. Η ηερληθή ζχλδεζεο ζσκαηηδίσλ 

επηζηξαηεχεηαη γηα λα δψζεη ιχζε ζην πξφβιεκα απηφ κε ηε δεκηνπξγία νκάδσλ ζθαηξηδίσλ 

ζπλδεδεκέλσλ κεηαμχ ηνπο νη νπνίεο αλαπαξηζηνχλ έλα δηαθνξεηηθφ ζρήκα. Η νιηθή 

κεραληθή ζπκπεξηθνξά ηνπ ζπλδεδεκέλνπ group ζθαηξψλ εθηηκάηαη απφ ηηο ζπιινγηθέο 



   

ζπλεηζθνξέο ησλ ζπκκεηερφλησλ ζσκαηηδίσλ ζηελ θίλεζε, ζηε κεηαηφπηζε, ζηελ νιίζζεζε 

θαη ζηελ πεξηζηξνθή (Donzé, Richefeu & Magnier 2009). χλδεζκνη ζρεηηθήο ειαζηηθφηεηαο 

ή δπζθακςίαο κπνξνχλ λα νξηζζνχλ θαη δηαθνξεηηθφ κνληέιν γηα ηηο δπλάκεηο επαθήο 

κεηαμχ απηψλ ησλ ζσκαηηδίσλ κπνξεί λα ρξεζηκνπνηεζεί. 

 

Ο πην ζεκαληηθφο παξάγνληαο ζηηο DEM πξνζνκνηψζεηο, φπσο θαη ζε θάζε άιιε 

πξνζνκνίσζε κεηαβαηηθνχ θαηλφκελνπ, είλαη ε θαηάιιειε επηινγή ηνπ ρξνληθνχ βήκαηνο 

πνπ επεξεάδεη ηελ αθξίβεηα θαη ηελ επζηάζεηα ηεο πξνζνκνίσζεο. Δθθξάζεηο κηθξήο ηάμεσο 

ηεο ρξνληθήο δηαθξηηνπνίεζεο, φπσο ε θεληξηθή δηαθνξά, ρξεζηκνπνηνχληαη ζπλήζσο. 

Πνιινί εξεπλεηέο έρνπλ πξνζπαζήζεη λα νξίζνπλ έλα κέγηζην ρξνληθφ βήκα βαζηζκέλν ζηηο 

ηδηφηεηεο ησλ ζσκαηηδίσλ. Η ηηκή απηή εμαξηάηαη θπξίσο απφ ηε θπζηθή ζπρλφηεηα ηνπ 

αληίζηνηρνπ ζπζηήκαηνο κάδαο-ειαηεξίνπ θαη γηα ην ιφγν απηφ δηαθνξνπνηείηαη απφ 

εθαξκνγή ζε εθαξκνγή. Η θξίζηκε ηηκή ηνπ ρξνληθνχ βήκαηνο εμαξηάηαη απφ ηε κάδα ηνπ 

ζσκαηηδίνπ, ην ζπληειεζηή ειαζηηθφηεηαο ή δπζθακςίαο θαη ηνλ νιηθφ αξηζκφ ζσκαηηδίσλ 

πνπ πξνζνκνηψλνληαη. Σν  κνληέιν “ήπηαο επαθήο” ή κνληέιν “κεηαηηζέκελεο δχλακεο” 

επηηξέπεη ηε κνληεινπνίεζε πνιιαπιψλ ζσκαηηδίσλ πνπ εθάπηνληαη κεηαμχ ηνπο. ε 

πεξίπησζε φκσο πνπ νη αιιειεπηδξάζεηο ζηελ  θάζεηε δηεχζπλζε επαθήο ησλ ζσκαηηδίσλ 

απαηηνχλ κεγάιε δπζθακςία θαη ζηηβαξφηεηα γηα ηε κηθξφηεξε κεηαηφπηζε, ε ρξήζε κηθξνχ 

ρξνληθνχ βήκαηνο είλαη απαξαίηεηε γηα ηελ επζηάζεηα ηεο ιχζεο. Σα κνληέια απηά 

επηηξέπνπλ πην ειαζηηθέο αιιειεπηδξάζεηο κεηαμχ ησλ ζσκαηηδίσλ απμάλνληαο ηερλεηά ην 

ρξφλν επαθήο ηνπο γηα ηελ επίηεπμε επζηαζψλ ιχζεσλ αιιά θαη γηα κηθξφηεξεο 

ππνινγηζηηθέο απαηηήζεηο. 

 

Σν ινγηζκηθφ ESyS-Particle είλαη έλαο αλνηρηφο θψδηθαο πνπ εθαξκφδεη ηε κέζνδν DEM 

θαη έρεη ρξεζηκνπνηεζεί ζε πνιιέο γεσθπζηθέο εθαξκνγέο. Ο θψδηθαο αλαπηχρζεθε ζηηο 

αξρέο ηνπ 1990 θαη απφ ηφηε έρεη εμειηρζεί κε ηε ζπλεηζθνξά πνιιψλ εξεπλεηψλ. Η 

ηειεπηαία έθδνζε ηνπ παξέρεηαη δηαδηθηπαθά απφ ην παλεπηζηήκην Queensland ηεο 

Απζηξαιίαο ζε ζπλεξγαζία κε ην ππνινγηζηηθφ θέληξν εξεπλψλ γεσινγηθψλ θαη θπζηθψλ 

ζπζηεκάησλ   (ESSCC). Σν ινγηζκηθφ επηηξέπεη ζην ρξήζηε ηελ πεξάησζε παξάιιεισλ 

πξνζνκνηψζεσλ κε ηελ εηζαγσγή Message Passing Interface (MPI) ηε δηάζπαζε ηνπ 

ρψξνπ ζε κέξε φπνπ ν βαζηθφο θψδηθαο γξακκέλνο ζε C++ κπνξεί λα επηιπζεί μερσξηζηά. 

Σν ραξαθηεξηζηηθφ απηφ επηηξέπεη ηελ πεξάησζε κεγάισλ πξνζνκνηψζεσλ ζε 

παξάιιεινπο ππνινγηζηέο, clusters ή  multi-core ππνινγηζηέο ζε ιεηηνπξγηθά ζπζηήκαηα 

βαζηζκέλα ζε Linux. Ο θψδηθαο ηξέρεη κεηά ηελ εθηέιεζε ηεο θαηάιιειεο εληνιήο ζην Linux 

terminator πνπ θαιεί ην βαζηθφ θείκελν- ζελάξην γξακκέλν ζε Python. Η επέλδπζε ηνπ 

θψδηθα κε ηε γιψζζα πξνγξακκαηηζκνχ Python κέζσ ηεο εθαξκνγήο Application 

Programming Interface (API) επηηξέπεη ηε κνληεινπνίεζε ησλ αιιειεπηδξάζεσλ ηεο DEM 



   

κεζφδνπ θαη ηνλ πξνζδηνξηζκφ ησλ παξακέηξσλ ζε έλα βαζηθφ θαη ζχληνκν θείκελν πνπ 

αιιειεπηδξά κε ην βαζηθφ C++ θψδηθα. Η ρξήζε ησλ ινγηζκηθψλ POVray θαη  VTK κε ηελ 

εηζαγσγή ζπγθεθξηκέλσλ εληνιψλ παξέρεη ηε δπλαηφηεηα νπηηθνπνίεζεο ησλ 

απνηειεζκάησλ κε ηελ εμαγσγή εηθφλσλ ζε ζπγθεθξηκέλα ρξνληθά δηαζηήκαηα εηθφλσλ ησλ 

νπνίσλ ε ρξήζε εμππεξεηεί θαη ζθνπνχο debugging. Σν ινγηζκηθφ ESyS-Particle παξέρεη 

ζηνπο ρξήζηεο ηνπ εθπαηδεπηηθφ πιηθφ αιιά θαη έλα αλνηρηφ forum γηα πιεξνθνξίεο θαη 

εξσηήζεηο κέζσ ηνπ launchpad.net. Πεξηζζφηεξεο πιεξνθνξίεο κπνξνχλ λα βξεζνχλ ζηνπο 

δηαδπθηηαθνχο ηφπνπο πνπ αλαθέξνληαη σο βηβιηνγξαθηθέο πεγέο. 

 

Ο θψδηθαο ESyS-Particle πξνζθέξεη ηε δπλαηφηεηα πξνζνκνίσζεο ζθαηξηθψλ 

ζσκαηηδίσλ ή ζσκαηηδίσλ δηαθνξεηηθψλ ζρεκάησλ κε ηε ρξήζε ηεο ηερληθήο ζχλδεζεο 

ζθαηξηδίσλ ζε νκάδεο. ην βαζηθφ θψδηθα νη ζπλδεδεκέλεο ζθαίξεο κπνξνχλ λα 

δεκηνπξγεζνχλ  κε ηέζζεξεηο ηξφπνπο: the SimpleBlock, the CubicBlock, The Hexablog and 

RandomPacker (Weatherley Dion, 2009b). Έλαο άιινο ηξφπνο γηα ηε δεκηνπξγία 

ζπλδεδεκέλσλ ζσκαηηδίσλ, πνπ αλαπαξηζηνχλ δηάθνξα ζρήκαηα, είλαη κε ηε ρξήζε ηνπ 

εμσηεξηθνχ παθέηνπ Lsm.GenGeo, ην νπνίν ρξεζηκνπνηεί ηηο βηβιηνζήθεο ηνπ ESyS-Particle. 

Η απαηηνχκελε γεσκεηξία γεκίδεηαη ηπραία κε ζθαηξίδηα δηαθφξσλ αθηηλψλ, ησλ νπνίσλ ην 

εχξνο θαζνξίδεηαη απφ ην ρξήζηε. Σν Lsm.GenGeo δεκηνπξγεί έλα αξρείν κε θαηάιεμε .geo 

ην νπνίν δηαβάδεηαη απφ ην βαζηθφ θψδηθα.  

Σν είδνο ησλ ζθαηξψλ ην νπνίν ρξεζηκνπνηείηαη ζην ινγηζκηθφ δηαθξίλεηαη ζε 

πεξηζηξεθφκελεο θαη κε-πεξηζηξεθφκελεο. Οη κε πεξηζηξεθφκελεο ζθαίξεο δελ έρνπλ 

θαλέλα βαζκφ ειεπζεξίαο σο πξνο ηελ πεξηζηξνθή ελψ νη πεξηζηξεθφκελεο κπνξνχλ λα 

αιιάδνπλ δηεχζπλζε αλάινγα κε ηελ νξκή (Epydoc 3.0.1, 2009). Γηα ηα δχν είδε ζθαηξψλ 

δηαθνξεηηθά κνληέια δπλάκεσλ επαθήο κπνξνχλ λα εθαξκνζζνχλ. Γηα ζπλδεδεκέλεο 

ζθαίξεο ή κε νη δπλάκεηο βαξχηεηαο θαη απφζβεζεο παξακέλνπλ ίδηεο. Σν ζεσξεηηθφ 

ππφβαζξν ησλ κνληέισλ κπνξεί λα βξεζεί ζηηο αθφινπζεο δεκνζηεχζεηο (Cundall, Strack 

1979, Mora, Place 1994, Place, Mora 1999). Δπηπιένλ πεξηζζφηεξεο ιεπηνκέξεηεο κπνξνχλ 

λα βξεζνχλ ζηα αληίζηνηρα ηκήκαηα ηνπ αλνηρηνχ θψδηθα θαη ζην δηθηπαθφ ηφπν (Weatherley 

Dion, 2008b). Η Δηθφλα 8 παξνπζηάδεη ηα θπξηφηεξα κνληέια γηα ηα δπν είδε ζθαηξψλ πνπ 

δηαηίζεληαη απφ ην ESyS-Particle. 

 



   

 

Δηθφλα 8: χλνςε ησλ δηαηηζέκελσλ κνληέισλ απφ ESyS-Particle 

 
Γηα ηε κνληεινπνίεζε ησλ νξίσλ ηνπ ζπζηήκαηνο, ππάξρνπλ ηξία είδε ηνίρσλ πνπ 

δχλαηαη λα ρξεζηκνπνηεζνχλ, νη επίπεδνη ηνίρνη (πιάθεο άπεηξνπ κήθνπο), ηνίρνη κε 

γξακκηθά δηδηάζηαηα πιέγκαηα θαη ηνίρνη κε ηξηγσληθά ηξηζδηάζηαηα πιέγκαηα. Οη επίπεδνη 

ηνίρνη κπνξνχλ λα εηζαρζνχλ ζηελ πξνζνκνίσζε κε ηελ έληαμε εληνιψλ ζην βαζηθφ θείκελν 

ηνπ θψδηθα ελψ ε δεκηνπξγία πιέγκαηνο γηα ηα άιια δχν είδε απαηηεί ηε ρξήζε θάπνηνπ 

εμσηεξηθνχ ζρεδηαζηηθνχ παθέηνπ. Σν ESyS-Particle πξνηείλεη ηε ρξήζε ηνπ αλνηρηνχ 

ζρεδηαζηηθνχ ινγηζκηθνχ gmsh (http://www.geuz.org/gmsh/). Μεηά ηε ζρεδίαζε ηνπ 

πιέγκαηνο ζην gmsh θαη ηε δεκηνπξγία ηνπ αξρείνπ mesh, παξέρεηαη έλαο θψδηθαο γηα ηε 

κεηαηξνπή ηνπ αξρείνπ ζε lsm ζχκθσλα κε ηηο νδεγίεο (Weatherley Dion, 2009d). Σν αξρείν 

απηφ θνξηψλεηαη ζην πξφγξακκα κέζσ εληνιψλ ζην βαζηθφ θείκελν θαη έπεηηα νξίδνληαη νη 

αιιειεπηδξάζεηο ησλ ζσκαηηδίσλ κε ηα ηνηρψκαηα. Σν ινγηζκηθφ δελ δηαζέηεη θάπνην 

κνληέιν ηξηβήο κεηαμχ ζσκαηηδίσλ θαη ηνηρψκαηνο θαη γηα ην ιφγν απηφ πξνηείλνληαη δχν 

ηερληθέο ζχλδεζεο ζσκαηηδίσλ ζηα ηνηρψκαηα. 

 

Σν βαζηθφ θείκελν ηνπ θψδηθα μεθηλά φπσο άιισζηε θαη ζε θάζε πξφγξακκα κε ηελ 

εηζαγσγή εληνιψλ πνπ ζπλδένπλ ην θείκελν κε ηηο απαξαίηεηεο βηβιηνζήθεο ηεο γιψζζαο 

πξνγξακκαηηζκνχ. Καηεγνξίεο θαη ππνθαηεγνξίεο εληνιψλ ρξεζηκνπνηνχληαη γηα λα 

θνξηψζνπλ ηα modules. Σα modules είλαη νη απαξαίηεηεο εληνιέο γηα ηελ εηζαγσγή ησλ 

κνληέισλ ζην πξφγξακκα. ηε ζπλέρεηα απαηηείηαη ν νξηζκφο ή ε δεκηνπξγία ηνπ 

αληηθεηκέλνπ πνπ πεξηγξάθνπλ ηα κνληέια απηά θαζψο ε Python είλαη κηα γιψζζα 

πξνγξακκαηηζκνχ βαζηζκέλε ζε αληηθείκελα. Έπεηηα θαζνξίδεηαη ν αξηζκφο ησλ 

http://www.geuz.org/gmsh/


   

επεμεξγαζηψλ θαη ε δηάζπαζε ηνπ ρψξνπ ζε θάζε επεμεξγαζηή γηα παξάιιειεο ή κε 

επεμεξγαζίεο. Ο νξηζκφο ηνπ είδνπο ζθαίξαο πνπ ζα ρξεζηκνπνηεζεί, ν αιγφξηζκνο 

εχξεζεο ησλ ζεκείσλ επαθήο θαζψο θαη ε ζπρλφηεηα ρξήζεο ηνπ πξνζδηνξίδνληαη κεηά ηελ 

εηζαγσγή ηνπ αληηθεηκέλνπ πξνζνκνίσζεο. Αθνινπζψληαο ηελ εγθαζίδξπζε ηνπ 

αληηθεηκέλνπ πξνζνκνίσζεο, απαηηείηαη ε εηζαγσγή ησλ ζσκαηηδίσλ , ησλ  ηνηρσκάησλ ηνπ 

ζπζηήκαηνο θαη ν πξνζδηνξηζκφο ησλ αιιειεπηδξάζεσλ ζσκαηηδίνπ- ζσκαηηδίνπ θαη 

ζσκαηηδίνπ-ηνηρψκαηνο. Η εμαγσγή απνηειεζκάησλ είηε κέζσ αξρείσλ δεδνκέλσλ είηε 

κέζσ αξρείσλ εηθφλσλ αιιά θαη ην ρξνληθφ βήκα εμαγσγήο πξαγκαηνπνηείηαη κε ηελ 

εηζαγσγή θαηάιιεισλ εληνιψλ ζην βαζηθφ θείκελν. Σέινο πξνζδηνξίδεηαη ην ρξνληθφ βήκα 

θαη ν κέγηζηνο αξηζκφο ρξνληθψλ βεκάησλ ηεο πξνζνκνίσζεο. Μεηά ηελ νινθιήξσζε ηνπ 

set up, ε πξνζνκνίσζε αξρίδεη κε ηελ εθηέιεζε εληνιήο ιεηηνπξγίαο ηνπ πξνγξάκκαηνο ζην 

ηεξκαηηθφ ηνπ ιεηηνπξγηθνχ ζπζηήκαηνο. Η Δηθφλα 9 παξνπζηάδεη ην βαζηθφ δηάγξακκα γηα 

ην set up ηνπ πξνγξάκκαηνο.  

 

Δηθφλα 9: Βαζηθφ δηάγξακκα set-up πξνζνκνίσζεο ζην ESyS-Particle 

 

Οη DEM πξνζνκνηψζεηο, πνπ πξαγκαηνπνηήζεθαλ γηα ηνλ ζθνπφ απηήο ηεο 

δηπισκαηηθήο, πεξηείραλ ζθαηξηθά θαηαιπηηθά ζσκαηίδηα αιιά θαη ζπλδεδεκέλα ζθαηξηθά 

ζσκαηίδηα, ηα νπνία αλαπαξηζηνχζαλ θαηαιπηηθνχο θπιίλδξνπο. Γηα ηηο δχν γεσκεηξίεο ηνπ 

θαηαιχηε, ρξεζηκνπνηήζεθε ην είδνο ηεο κε πεξηζηξεθφκελεο ζθαίξαο. Η αξρηθή 

παξάκεηξνο γηα ηε ζρεδίαζε ηνπ αληηδξαζηήξα νξίζηεθε ην πειίθν δηακέηξσλ ην νπνίν 

ηέζεθε ίζν κε Ν=6. Ο αληηδξαζηήξαο είρε δηάκεηξν 60mm θαη χςνο 300mm ελψ ε δηάκεηξνο 



   

ησλ ζσκαηηδίσλ ηέζεθε ίζε κε d=10mm θαη ην χςνο ησλ θπιηλδξηθψλ θαηαιπηψλ ίζν κε 

15mm. 

 

Γηα ηελ αλαπαξάζηαζε ηεο πηψζεο ησλ ζσκαηηδίσλ ζηνλ αληηδξαζηήξα, 

ρξεζηκνπνηήζεθε κηα ρξνληθή ππνξνπηίλα νχησο ψζηε ηα ζσκαηίδηα λα εηζέξρνληαη ζηελ 

πξνζνκνίσζε θαη αληίζηνηρα ζηνλ αληηδξαζηήξα ζε δηαθνξεηηθά ρξνληθά βήκαηα. Σα 

δεδνκέλα εηζφδνπ εθηφο απφ ηνλ νξηζκφ ησλ κνληέισλ γηα ηηο αιιειεπηδξάζεηο ησλ 

ζσκαηηδίσλ θαη ηνπο θπζηθνχο λφκνπο, απαηηνχλ ηελ δεκηνπξγία θαη θφξησζε ζσκαηηδίσλ 

θαη ηνίρσλ ζην βαζηθφ θείκελν ηνπ θψδηθα. Γηα ηηο πξνζνκνηψζεηο κε ζθαηξηθνχο θαηαιχηεο, 

ε δεκηνπξγία θαη εηζαγσγή ησλ ζσκαηηδίσλ πξαγκαηνπνηήζεθε ζην βαζηθφ θείκελν κε κία 

ζεηξά εληνιψλ. Αληίζεηα γηα ηηο πξνζνκνηψζεηο κε θπιηλδξηθνχο θαηαιχηεο, ε δεκηνπξγία 

ησλ ζσκαηηδίσλ πξαγκαηνπνηήζεθε κε εμσηεξηθά παθέηα. Σν εμσηεξηθφ παθέην 

Lsm.GenGeo, πνπ επηηξέπεη ηε δεκηνπξγία δηαθφξσλ ζρεκάησλ κε ηελ ηερληθή ζχλδεζεο 

ζθαηξηδίσλ, ηξέρεη μερσξηζηά απφ ην βαζηθφ θείκελν απνδίδνληαο αξρεία θεηκέλνπ πνπ 

πεξηέρνπλ απαξαίηεηεο πιεξνθνξίεο γηα ηε δεκηνπξγία ησλ ζρεκάησλ απηψλ. Παξφηη ην 

Lsm.GenGeo απνηειεί έλα πνιχ ρξήζηκν εξγαιείν, πεξηέρεη θάπνηεο ηπραίεο παξακέηξνπο 

γηα ηα ραξαθηεξηζηηθά ησλ ζθαηξηδίσλ. Σν βαζηθφ κεηνλέθηεκα ηνπ ζπλνςίδεηαη ζηνλ ηπραίν 

νξηζκφ ηνπ αξηζκνχ ηαπηφηεηαο ησλ ζθαηξηδίσλ αιιά θαη ζηελ ηπραία ηνπνζέηεζε ηνπο κέζα 

ζηε δεηνχκελε γεσκεηξία. Γηα ηελ απηφκαηε ζρεδίαζε ησλ θπιίλδξσλ ζε έλα ζρεδηαζηηθφ  

πξφγξακκα απαηηείηαη εθηφο απφ ηελ αθηίλα θαη ην χςνο ηνπ, ν πξνζδηνξηζκφο ηνπ 

αλχζκαηνο ηνπ θαη ε ζέζε ηνπ. Γηα ηνλ πξνζδηνξηζκφ ηνπ αλχζκαηνο απηνχ, αξθεί ν 

εληνπηζκφο ηεο ζέζεο δχν αληηδηακεηξηθψλ ζθαηξηδίσλ ζε ζπγθεθξηκέλεο ζέζεηο. Δπνκέλσο 

φηαλ δελ ππάξρνπλ δπν ζπγθεθξηκέλα ζσκαηίδηα ηα νπνία ζα παξέρνπλ ηηο απαξαίηεηεο 

πιεξνθνξίεο γηα ηα φξηα ηεο γεσκεηξίαο απηήο αιιά αθφκα θαη φηαλ ηερλεηά δεκηνπξγεζνχλ 

δελ έρνπλ ζπγθεθξηκέλνπο αξηζκνχο ηαπηφηεηαο γηα ηνλ εληνπηζκφ ηνπο, δελ είλαη δπλαηή ε 

απηφκαηε ζρεδίαζε ησλ θπιίλδξσλ ζηηο ηξεηο δηαζηάζεηο. Σν πξφβιεκα απηφ 

αληηκεησπίζηεθε κε ηε δεκηνπξγία λένπ θψδηθα ζε Python, ν νπνίνο απέδηδε αξρεία κε ηελ 

ίδηα θαηάιεμε φπσο ην Lsm.GenGeo. Σα αξρεία απηά πεξηείραλ ηηο απαξαίηεηεο 

πιεξνθνξίεο (Weatherley Dion, 2009c) γηα ηε ζχλδεζε ησλ ζθαηξψλ  κέζα ζηε γεσκεηξία 

ηνπ θπιίλδξνπ θαη ηεξνχζαλ ηηο πξνυπνζέζεηο γηα ηελ απηφκαηε ζρεδίαζε. Ο αξηζκφο ησλ 

ζσκαηηδίσλ n, πνπ εηζήρζε ζε θάζε πξνζνκνίσζε νξίζζεθε ζχκθσλα κε ηελ απαηηνχκελε 

δηαπεξαηφηεηα ε ηνπ αληηδξαζηήξα θαη δίλεηαη απφ ηελ Δμίζσζε 6. 

 

  
        

         
       

Δμίζσζε 6 

φπνπ          ν φγθνο ηνπ αληηδξαζηήξα θαη           ν φγθνο ηνπ θαηαιπηηθνχ ζσκαηηδίνπ. Η 

δηαπεξαηφηεηα ε ή ηδηφηεηα ηνπ πνξψδνπο πιηθνχ είλαη έλα δηακθηζβεηνχκελν ζέκα ζηηο 



   

DEM πξνζνκνηψζεηο θαη πξέπεη πάληα λα ειέγρεηαη θαη λα ζπγθξίλεηαη κε πεηξακαηηθά 

δεδνκέλα. Η απαηηνχκελε δηαπεξαηφηεηα γηα ην ζπγθεθξηκέλν αληηδξαζηήξα νξίζζεθε ίζε 

κε ε=0,4. 

  

Γηα ηελ εηζαγσγή ησλ θπιηλδξηθψλ ηνηρσκάησλ ηνπ αληηδξαζηήξα ζηηο πξνζνκνηψζεηο 

ρξεζηκνπνηήζεθαλ ηξία δηαθνξεηηθά είδε πιέγκαηνο, ηα νπνία δεκηνπξγήζεθαλ κε ην 

ινγηζκηθφ gmsh ζχκθσλα κε ηε δηαδηθαζία πνπ πεξηγξάθεηαη ζην (Weatherley Dion, 

2009d). Σα ηξία δηαθνξεηηθά πιέγκαηνο θαηεγνξηνπνηνχληαη ζε αξαηήο, κέηξηαο θαη πςειήο 

ππθλφηεηαο πιέγκα. Σα αξρεία mesh κεηαηξάπεθαλ ζε lsm κέζσ ηνπ θψδηθα πνπ 

παξέρεηαη απφ ην ινγηζκηθφ (Weatherley Dion, 2009d).Γηα ην πάησκα θαη ηελ νξνθή ηνπ 

θπιηλδξηθνχ αληηδξαζηήξα ρξεζηκνπνηήζεθαλ επίπεδα ηνηρψκαηα, ηα νπνία 

δεκηνπξγήζεθαλ θαη εηζήρζεζαλ ζην βαζηθφ θείκελν ηνπ θψδηθα. Οη γεσκεηξίεο 

ζρεδηάζηεθαλ ζε ρηιηνζηά. 

 

Σα είδε αιιειεπηδξάζεσλ πνπ ρξεζηκνπνηήζεθαλ πεξηιακβάλνπλ ηε βαξχηεηα, ηελ 

ειαζηηθή άπσζε θαη ηελ ηξηβή κεηαμχ ζπλδεδεκέλσλ θαη κε ζθαηξψλ. Οη δπλάκεηο 

απφζβεζεο ακειήζεθαλ ζηηο πξνζνκνηψζεηο κε ζθαηξηθνχο θαηαιχηεο ιφγσ επζηάζεηαο ηεο 

ιχζεο. Παξφηη ε παξάβιεςε ησλ δπλάκεσλ απφζβεζεο ζπληειεί ζηε κε ξεαιηζηηθή 

πξνζνκνίσζε, ν ζθνπφο ρξήζεο ηεο κεζφδνπ ζηα πιαίζηα απηήο ηεο δηπισκαηηθήο κπνξεί 

λα ην επηηξέςεη. Η παξάβιεςε ησλ δπλάκεσλ απφζβεζεο νδεγεί ζε δηαξθείο θξνχζεηο 

κεηαμχ ησλ ζσκαηηδίσλ, αιιά, θαζψο απμάλεηαη ν αξηζκφο  εηζαγφκελσλ ζσκαηηδίσλ κε ην 

ρξφλν, ηα πξψηνεηζεξρφκελα ζσκαηίδηα νδεγνχληαη ζε εξεκία. 

 

Η αχμεζε ηνπ ρξνληθνχ βήκαηνο, αιιά θαη ν ζπλνιηθφο αξηζκφο ρξνληθψλ βεκάησλ 

έπαημαλ θαζνξηζηηθφ ξφιν ζηελ έθβαζε ησλ απνηειεζκάησλ. Μφλν γηα ηηο πξνζνκνηψζεηο 

κε ζθαίξεο, ρξεηάζηεθαλ 972 ζθαίξεο γηα λα πιεξείηαη ην θξηηήξην δηαπεξαηφηεηαο 

ζχκθσλα κε ηελ Δμίζσζε 6. Ο αξηζκφο απηφο απαηηεί κεγάιε ππνινγηζηηθή δχλακε γηα ηνλ 

εληνπηζκφ ησλ ζεκείσλ επαθήο, έηζη ν ρξφλνο επαθήο απμήζεθε ηερλεηά κε ηελ αχμεζε 

ησλ ζσκαηηδίσλ κε απνηέιεζκα ηε κεγαιχηεξε εηζρψξεζε ησλ εθαπηφκελσλ ζσκαηηδίσλ. 

Η αχμεζε ηεο ηηκήο ειαζηηθφηεηαο ή δπζθακςίαο, νχησο ψζηε λα δεκηνπξγεζεί κηα πην 

ζθιεξή επαθή ζε δχζθακπηα ζσκαηίδηα, απαηηεί κηθξφηεξα ρξνληθά βήκαηα. Αληίζεηα ν 

απμαλφκελνο αξηζκφο ζσκαηηδίσλ απαηηεί κεγαιχηεξα ρξνληθά βήκαηα. ηηο πξνζνκνηψζεηο 

πνπ πξαγκαηνπνηήζεθαλ, έλα επξχ πεδίν ηηκψλ ηνπ ζπληειεζηή ειαζηηθφηεηαο ή 

δπζθακςίαο θαη ηνπ ρξνληθνχ βήκαηνο δνθηκάζηεθαλ, ψζηε λα βξεζεί ν βέιηηζηνο 

ζπλδπαζκφο. Κξαηψληαο ζηαζεξφ ην ρξνληθφ βήκα θαη απμάλνληαο ην ζπληειεζηή, ηα 

ζσκαηίδηα εμαθαληδφληνπζαλ κεξηθά ρξνληθά βήκαηα κεηά ηελ εηζαγσγή ηνπο. Αληίζεηα 

αιιάδνληαο ην ρξνληθφ βήκα, ηα ζσκαηίδηα δελ εηζάγνληαλ θαλ ζην ρψξν. ην δηαδπθηηαθφ 



   

ηφπν ηνπ θψδηθα, παξνπζηάδνληαη θάπνηεο ζπζρεηίζεηο γηα ηε ζρέζε ηνπ ζπληειεζηή 

ειαζηηθφηεηαο ή δπζθακςίαο κε ην ρξνληθφ βήκα. 

       
         

    
 

  

    Δμίζσζε 7  

φπνπ dt ε ρξνληθή αχμεζε,          ε κάδα ηνπ κηθξφηεξνπ ζσκαηηδίνπ θαη      ε κέγηζηε 

ηηκή ηνπ ζπληειεζηή ειαζηηθφηεηαο ή δπζθακςίαο.  

 

Η καζεκαηηθή κνληεινπνίεζε ηνπ ESyS-Particle είλαη αδηάζηαηε θαη ν νξηζκφο ησλ 

κνλάδσλ εμαξηάηαη απφ ην ρξήζηε. Οη κνλάδεο κέηξεζεο πνπ ρξεζηκνπνηήζεθαλ ήηαλ ηα 

ρηιηνζηά ηνπ κέηξνπ ηφζν γηα ηηο παξακέηξνπο ησλ κνληέισλ, φζν θαη γηα ην ζρεδηαζκφ ηνπ 

πιέγκαηνο, θαζψο νη πνιχ κηθξέο ηηκέο αθηίλαο δελ ήηαλ απνδεθηέο γηα ηε ρξήζε 

κεγαιχηεξεο κεηξεηηθήο κνλάδαο. Πεξηζζφηεξεο δηεπθξηλήζεηο γηα ην κεηξεηηθφ ζχζηεκα 

κπνξνχλ λα βξεζνχλ ζηελ πεγή (Weatherley Dion, 2009e). Η δηαδηθαζία πξνζδηνξηζκνχ 

ηνπ ζπληειεζηή ειαζηηθφηεηαο ή δπζθακςίαο, ηεο αχμεζεο ρξνληθνχ βήκαηνο θαη ησλ 

κεηξηθψλ κνλάδσλ παξαηίζεληαη ζην αληίζηνηρν θεθάιαην ηεο παξνχζαο εξγαζίαο. Οη 

κέζνδνη εμαγσγήο απνηειεζκάησλ πνπ ρξεζηκνπνηήζεθαλ ήηαλ ην παθέην νπηηθνπνίεζεο 

απνηειεζκάησλ POVray θαη ην module CheckPointer. 

 

Οη πξνζνκνηψζεηο κε ζθαηξηθνχο θαηαιχηεο πεξηείραλ 972 ζθαίξεο αθηίλαο 5 mm 

ζχκθσλα κε ηελ Δμίζσζε 6 θαη ηελ πξνυπφζεζε ηεο δηαπεξαηφηεηαο ε=0,4. Η κάδα ηεο 

ζθαίξαο νξίζζεθε ίζε κε 1 θαη ε ηηκή ηεο αξρηθήο ηαρχηεηαο ίζε κε 1000 mm/s ζηελ 

αξλεηηθή δηεχζπλζε ηνπ z άμνλα γηα λα επηηαρπλζεί ε αξγή ιφγσ ρξνληθνχ βήκαηνο πηψζε 

ησλ ζθαηξψλ. Ο ππνινγηζηηθφο ρψξνο πξνζδηνξίζζεθε απφ έλα θχβν κε ηηο αθφινπζεο 

δηαζηάζεηο (-30,-30,0)†(30,30,310). Η βαξχηεηα ηέζεθε ίζε κε 9810 mm/s2 θαη νη δπλάκεηο 

απφζβεζεο ακειήζεθαλ γηα ηελ νιηθή πξνζνκνίσζε. Οη αιιειεπηδξάζεηο κεηαμχ ζθαηξψλ 

θαη ησλ δχν εηδψλ ηνηρψκαηνο νξίζζεθαλ σο ειαζηηθέ ζχκθσλα κε ην κνληέιν NRotElastic. 

Η ηηκή ηνπ ζπληειεζηή ειαζηηθφηεηαο ή δπζθακςίαο γηα ηα ηνηρψκαηα πξνζδηνξίζζεθε 

ζχκθσλα κε ηελ Δμίζσζε 8 πνπ πξνηείλεηαη ζην δηαδπθηηαθφ ηφπν ηνπ ινγηζκηθνχ. 

      
   

         Δμίζσζε 8 

 

Σν θαηλφκελν ηεο ειαζηηθήο άπσζεο θαη ηεο αληίζηαζεο ηξηβήο απνδφζεθε κε ην κνληέιν 

NRotFrictionPrms φπνπ νη ηειηθέο ηηκέο ηνπ θαλνληθνχ θαη δηαηκεηηθνχ ζπληειεζηή 

ειαζηηθφηεηαο ή δπζθακςίαο νξίζζεθαλ ίζεο κε 107 θαη 105 αληίζηνηρα ελψ ν ζπληειεζηήο 

ηξηβήο ίζνο κε 0,7. Η αχμεζε ηνπ ρξνληθνχ βήκαηνο ηέζεθε ίζε κε 0,0001s ζχκθσλα κε ηα 

θξηηήξηα επζηάζεηαο. 



   

Οη ζθαίξεο εηζήρζεζαλ ζε ηπραίεο ζέζεο ζην επάλσ κέξνο ηνπ αληηδξαζηήξα αλά 100 

ρξνληθά βήκαηα. Μεηά ηελ πεξάησζε 300.000 ρξνληθψλ βεκάησλ ηα απνηειέζκαηα 

παξνπζίαζαλ κηα ζηαζεξνπνίεζε πνπ ζεσξήζεθε επαξθήο. Σα ζσκαηίδηα πνπ εηζήρζεζαλ 

ηειεπηαία θνληά ζηελ νξνθή ηνπ αληηδξαζηήξα παξνπζίαδαλ κηα  κηθξή ηαιάλησζε γχξσ 

απφ ηελ πξνβιεπφκελε ζέζε ηνπο ιφγσ ηεο έιιεηςεο απφζβεζεο. Η Δηθφλα 10 παξνπζηάδεη 

ηα απνηειέζκαηα ηεο κειέηεο γηα ηελ ππθλφηεηα ηνπ ρξεζηκνπνηνχκελνπ πιέγκαηνο ζηηο 

νιηθέο πξνζνκνηψζεηο ησλ 972 ζθαηξψλ.  

 

 

    Αξαηφ Μέηξην   Ππθλφ 

Δηθφλα 10: Σα απνηειέζκαηα απφ ηε ζχγθξηζε ησλ ηξηψλ εηδψλ πιεγκάησλ γηα ηηο νιηθέο 

πξνζνκνηψζεηο ησλ 972 ζθαηξψλ ζην ESyS-Particle 

 

Λφγσ ππνινγηζηηθνχ ρξφλνπ αιιά θαη θαιχηεξεο πξφβιεςεο ησλ ζεκείσλ επαθήο 

κεηαμχ ηνηρψκαηνο θαη ζσκαηηδίσλ έγηλε ρξήζε ηνπ κέηξηνπ πιέγκαηνο γηα ηηο νιηθέο 

πξνζνκνηψζεηο θαη ηνπ αξαηνχ πιέγκαηνο γηα ηηο δηαδνρηθέο πξνζνκνηψζεηο. ην ινγηζκηθφ 

ππάξρεη έλα ειάηησκα (bug) γηα ηνπο ηνίρνπο κε πιέγκαηα, ην νπνίν έρεη αλαθεξζεί απφ 

πνιινχο ρξήζηεο θαη νλνκάδεηαη ειάηησκα ησλ πξνζθνιιεκέλσλ ζθαηξψλ. Απηφ ζεκαίλεη 

φηη θάπνηεο ζθαίξεο πξνζθνιιψληαη ζηα ηνηρψκαηα θαη παξακέλνπλ εθεί ρσξίο λα 

αθνινπζνχλ ηνπο θπζηθνχο λφκνπο. Σα απνηειέζκαηα δείρλνπλ φηη ην θαηλφκελν απηφ 

ειαηηψλεηαη φζν πην αξαηφ είλαη ην πιέγκα ηνπ ηνίρνπ. Η Δηθφλα 11 παξνπζηάδεη ηα 

απνηειέζκαηα ηεο νιηθήο πξνζνκνίσζεο. 

 

     

 

   

   

 

Δηθφλα 11: Απνηειέζκαηα νιηθήο πξνζνκνίσζεο 972 θαηαιπηηθψλ ζθαηξψλ κε ηε κέζνδν DEM 



   

Σα απνηειέζκαηα ηεο νιηθήο πξνζνκνίσζεο ιφγσ ηνπ κεγάινπ αξηζκνχ ζθαηξψλ 

παξαηεξήζεθε κεγάιε εηζρψξεζε ηνπ ελφο ζσκαηηδίνπ ζην άιιν. Γηα ηελ αληηκεηψπηζε ηνπ 

πξνβιήκαηνο απηνχ, πξαγκαηνπνηήζεθε κηα δεχηεξε ζεηξά δηαδνρηθψλ πξνζνκνηψζεσλ. ε 

θάζε ζελάξην, νη ζθαίξεο εηζάγνληαλ ζηνλ ππνινγηζηηθφ ρψξν αλά 100 ή 200 ρξνληθά βήκα 

θαη ν αξηζκφο ηνπο γηα θάζε πξνζνκνίσζε δελ μεπεξλνχζε ηηο 100 ζθαίξεο ζπλνιηθά. Σα 

απνηειέζκαηα ηεο κηαο πξνζνκνίσζεο εηζέξρνληαλ σο δεδνκέλα εηζφδνπ γηα ηελ επφκελε 

πξνζνκνίσζε θαη δηαηεξνχζαλ ηελ ζηαζεξή ππνινγηζκέλε ζέζε ηνπο απφ ηελ 

πξνεγνχκελε πξνζνκνίσζε. Με ηελ ηερληθή απηή, ιηγφηεξεο ζθαίξεο κε πην αθξηβή 

απνηειέζκαηα γηα ηε ζέζε ηνπο θαη κηθξφηεξε εηζρψξεζε πξνζνκνηψζεθαλ. Η κεγαιχηεξε 

ηηκή επηθάιπςεο πνπ παξαηεξήζεθε ήηαλ ίζε κε 0,033 ρηιηνζηά. Παξφηη ην πξφβιεκα 

εηζρψξεζεο ηεο κηαο ζθαίξαο κέζα ζηελ άιιε ειαηηψζεθε, ε ηηκή ηεο δηαπεξαηφηεηαο ηνπ 

αληηδξαζηήξα επεξεάζηεθε. Οη ζθαίξεο πνπ εηζεξρφληνπζαλ σο δεδνκέλα εηζφδνπ ζηε κηα 

πξνζνκνίσζε ζπκπεξηθέξνληαλ σο αθίλεηα ζσκαηίδηα δειαδή σο ηνίρνο πάλσ ζηνλ νπνίν 

πξνζθξνχνληαλ ηα επφκελα ζσκαηίδηα. Απηφ είρε σο απνηέιεζκα λα κελ αιιάδεη ε ζέζε 

ησλ αθίλεησλ ζσκαηηδίσλ (κε δπλακηθή ζπκπεξηθνξά) κε ηελ θξνχζε θαη επνκέλσο 

παξνπζηάζζεθε κηα λέα δηάηαμε ησλ ζσκαηηδίσλ κέζα ζηνλ αληηδξαζηήξα. Σν ζχλνιν ησλ 

ζθαηξψλ πνπ θάιπςαλ ηηο δηαζηάζεηο ηνπ αληηδξαζηήξα ήηαλ ίζν κε 775 ζθαίξεο 

αιιάδνληαο έηζη ηελ ηηκή δηαπεξαηφηεηαο. Η Δηθφλα 12 παξνπζηάδεη ηα απνηειέζκαηα ησλ 

δηαδνρηθψλ πξνζνκνηψζεσλ. 

 

       

 

Γηα ηηο δηαδνρηθέο πξνζνκνηψζεηο ρξεζηκνπνηήζεθαλ νη ίδηεο ηηκέο παξακέηξσλ κε κφλε 

δηαθνξά ηε ρξήζε ηνπ αξαηνχ πιέγκαηνο γηα ηνλ ηνίρν θπιηλδξηθήο επηθάλεηαο, ιφγσ ηνπ 

πξνβιήκαηνο ησλ “πξνζθνιιεκέλσλ ζθαηξψλ”. Δπηπιένλ ζηηο δηαδνρηθέο πξνζνκνηψζεηο, 

ην πξφβιεκα ησλ “πξνζθνιιεκέλσλ ζθαηξψλ” αληηκεησπίζηεθε εχθνια, θαζψο νη 

πξνζθνιιεκέλεο ζθαίξεο ζην πιέγκα αθαηξνχληαλ απφ ηα δεδνκέλα εηζφδνπ (αθίλεηεο 

ζθαίξεο) θαη εηζέξρνληαλ σο ελεξγέο ζθαίξεο ζηελ επφκελε πξνζνκνίσζε. 

 

Γηα ηηο πξνζνκνηψζεηο κε θπιηλδξηθνχο θαηαιχηεο, ρξεζηκνπνηήζεθε ε ηερληθή ζχλδεζεο 

ζσκαηηδίσλ.  Οη ζπλδεδεκέλεο ζθαίξεο εηζήρζεζαλ ζηνλ ππνινγηζηηθφ ρψξν κέζσ ησλ 

Δηθφλα 12:  Απνηειέζκαηα δηαδνρηθψλ πξνζνκνηψζεσλ 



   

αξρείσλ θεηκέλνπ κε δηακφξθσζε .geo. Η αλαπαξάζηαζε ησλ θπιίλδξσλ έγηλε αξρηθά κε ηε 

ζχλδεζε δπν ζθαηξψλ αθηίλαο 5 ρηιηνζηψλ. χκθσλα κε ηελ Δμίζσζε 6, 324 δεπγάξηα 

ζθαηξψλ εηζήιζαλ ζηνλ ππνινγηζηηθφ ρψξν ζε δηαθνξεηηθά ρξνληθά βήκαηα.  Η κάδα ησλ 

ζθαηξψλ ηέζεθε ίζε κε 1 θαη ε αξρηθή ηνπο ηαρχηεηα ίζε κε 1000 mm/s ζηελ αξλεηηθή 

δηεχζπλζε ηνπ άμνλα χςνπο z. Οη ηηκέο ησλ παξακέηξσλ γηα ηηο ζθαίξεο πνπ δελ αλήθαλ 

ζην δεπγάξη ζπλδέζκνπ παξέκεηλαλ ίδηεο φπσο ζηνλ θψδηθα γηα ηνπο ζθαηξηθνχο θαηαιχηεο. 

Οη αιιειεπηδξάζεηο κεηαμχ ησλ ζπλδεδεκέλσλ ζθαηξψλ πεξηγξάθεθαλ απφ ην κνληέιν 

NRotBondPrms φπνπ ν ζπληειεζηήο ειαζηηθφηεηαο ή δπζθακςίαο ηέζεθε ίζνο κε 107 θαη ε 

απφζηαζε θαηάξγεζεο ζπλδέζκνπ ίζε κε 500. Η ηηκή ηνπ ζπληειεζηή ειαζηηθφηεηαο ή 

δπζθακςίαο πνπ πεξηέγξαθε επαξθψο ην θαηλφκελν βξέζεθε ίζε κε 109 αιιά  γηα ηελ ηηκή 

απηή, ηνλ αξηζκφ ησλ ζθαηξψλ θαη ην ρξνληθφ βήκα δελ επήιζε επζηάζεηα ζηε ιχζε. 

Γηαθνξεηηθά ζελάξηα γηα ηελ επίδξαζε ησλ δπλάκεσλ απφζβεζεο απέδεημαλ φηη ην ρξνληθφ 

δηάζηεκα κεηαμχ εηζαγσγήο δχν ζθαηξψλ παίδεη ζεκαληηθφ ξφιν. Σν ηειηθφ θείκελν πεξηείρε 

ηνλ φξν ηεο απφζβεζεο θαη νη ζθαίξεο εηζέξρνληαλ ζηνλ ππνινγηζηηθφ ρψξν θάζε 10.000 

ρξνληθά βήκαηα. 

 

Η θαιχηεξε αλαπαξάζηαζε ηεο γεσκεηξίαο ηνπ θπιίλδξνπ εμαξηάηαη απφ ηνλ αξηζκφ θαη 

επνκέλσο θαη ην κέγεζνο ησλ ζθαηξψλ. Η αλαπαξάζηαζε κε ηξεηο ζθαίξεο απνδείρζεθε 

αλεπαξθήο δηφηη νη ζθαίξεο δελ ζπκπεξηθέξνληαλ σο έλα ζηεξεφ ζψκα, αιιά 

πεξηζηξέθνληαλ ε κηα γχξσ απφ ηελ άιιε ρσξίο λα έρνπλ ζηαζεξά ζεκεία επαθήο. Γηα ηελ 

θαιχηεξε αλαπαξάζηαζε ησλ θπιίλδξσλ ζρεδηάζηεθε ζην Autocad , κηα δηάηαμε ζθαηξψλ 

πνπ πεξηείρε ηνλ ειάρηζην αξηζκφ ζθαηξψλ γηα κηα επαξθή πξφβιεςε ησλ ζεκείσλ επαθήο 

θπιίλδξνπ. Η Δηθφλα 13 παξνπζηάδεη ηε δηάηαμε ησλ ζθαηξψλ θαη ηα απνηειέζκαηα απφ ηελ 

πξνζνκνίσζε απηήο ηεο γεσκεηξίαο. 

 

  

Όπσο παξνπζηάδεηαη ζηελ Δηθφλα 13, ε γεσκεηξία απηή παξακνξθψλεηαη κεηά ηελ 

θξνχζε ησλ ζπλδεδεκέλσλ ζθαηξψλ κε ην έδαθνο. Η παξακφξθσζε απηή νθείιεηαη ζην 

γεγνλφο φηη δηαθνξεηηθέο δπλάκεηο αζθνχληαη ζηηο ζθαίξεο κε δηάθνξεο ηηκέο καδψλ θαη 

αθηηλψλ. Σα ζπκπεξάζκαηα πνπ πξνθχπηνπλ είλαη φηη ε ηερληθή ζχλδεζεο ζθαηξψλ πξέπεη 

Δηθφλα 13: Γηάηαμε ζθαηξψλ γηα ηελ αλαπαξάζηαζε θπιηλδξηθνχ θαηαιχηε θαη ηα 
απνηειέζκαηα πξνζνκνίσζεο 

 



   

λα εθαξκφδεηαη ζε εθαπηφκελεο ζθαίξεο φπνπ νη δπλάκεηο ζπγθξάηεζεο ζα πξέπεη λα είλαη 

αληηδηακεηξηθέο θαη πεξίπνπ ίζεο. Οη δηαθνξεηηθέο αθηίλεο πξνζδίδνπλ δηαθνξεηηθέο ηηκέο 

καδψλ ιφγσ ηεο ζηαζεξήο ηηκήο ηεο ππθλφηεηαο θαη επνκέλσο θαηαιήγνπλ ζε άληζεο 

δπλάκεηο. Γηαθνξεηηθέο ηηκέο ππθλφηεηαο γηα ηελ απφθηεζε ζηαζεξήο ηηκήο κάδαο 

πξνδίδνπλ ηε κνληεινπνίεζε ηνπ ζσκαηηδίνπ απφ δηαθνξεηηθά θνθθψδε πιηθά θαη δελ 

ζπλίζηαληαη.  

 

Η απηφκαηε ζρεδίαζε ηνπ αληηδξαζηήξα θαη ησλ δηαηεηαγκέλσλ ζσκαηηδίσλ κέζα ζε 

απηφλ πξαγκαηνπνηήζεθε  κέζσ ηεο δεκηνπξγίαο ελφο θψδηθα πνπ ζπλδέεη ηα 

απνηειέζκαηα ηεο DEM κεζφδνπ θαη ηνπ ζρεδηαζηηθνχ πξνγξάκκαηνο Gambit. Σν αξρείν 

δεδνκέλσλ πνπ εμάγεη ην ινγηζκηθφ Gambit θαη νλνκάδεηαη journal file (jou file) πεξηέρεη κηα 

δηαδνρηθή ιίζηα εληνιψλ γηα ηε ζρεδίαζε ηεο γεσκεηξίαο, ηνπ πιέγκαηνο θαη φισλ ησλ 

εξγαιείσλ πνπ δηαζέηεη. Σν Gambit παξέρεη ηε δπλαηφηεηα κε ην ηξέμηκν απηνχ ηνπ αξρείνπ 

ηελ απηφκαηε επαλάιεςε ηεο δηαδηθαζίαο ζρεδίαζεο, φπσο απηή έγηλε ζε κηα πξνεγνχκελε 

εθαξκνγή. 

 

Έρνληαο αληηγξάςεη ηηο απαξαίηεηεο εληνιέο ζρεδίαζεο γηα ηε δεκηνπξγία ηνπ 

θαηαιπηηθνχ αληηδξαζηήξα, δηαθνξεηηθνί θψδηθεο ζηελ C γιψζζα πξνγξακκαηηζκνχ 

δεκηνπξγήζεθαλ γηα ηελ έληαμε ησλ εληνιψλ θαη δεδνκέλσλ ζην (jou file). Με ηε δεκηνπξγία 

ηνπ αξρείνπ απηνχ, ε γεσκεηξία πνπ πξνζνκνηψλεηαη κέζσ ηεο DEM κεζφδνπ κπνξεί λα 

ζρεδηαζζεί απηφκαηα. Η Δηθφλα 14 παξνπζηάδεη ηε δηαδηθαζία απηφκαηεο ζρεδίαζεο ηεο 

γεσκεηξίαο. 

 

 

Δηθφλα 14: Γηαδηθαζία απηφκαηεο ζρεδίαζεο ηεο γεσκεηξίαο ηνπ θαηαιπηηθνχ αληηδξαζηήξα 

 
Η δηαδηθαζία επεμεξγαζίαο θαη ελζσκάησζεο ησλ απνηειεζκάησλ ηνπ ESyS-Particle 

κέζα ζηηο ζρεδηαζηηθέο εληνιέο παξαηίζεηαη ζην Κεθάιαην 3 ηεο παξνχζαο δηπισκαηηθήο 

θαζψο θαη ζηα αληίζηνηρα παξαξηήκαηα, φπνπ δηαηίζεηαη νιφθιεξνο ν θψδηθαο. Δλδεηθηηθά 



   

αλαθέξεηαη φηη νη πιεξνθνξίεο απφ ηα αξρεία δεδνκέλσλ ηνπ ESyS-Particle δηαβάδνληαη 

απφ ηνλ θψδηθα θαη θαηεγνξηνπνηνχληαη ζε πίλαθεο. ηε ζπλέρεηα αθνινπζεί ε καζεκαηηθή 

επεμεξγαζία ησλ δεδνκέλσλ γηα ηνλ πξνζδηνξηζκφ αλπζκάησλ θαη ζέζεσλ ζηνλ 

ηξηζδηάζηαην ρψξν. Σα απνηειέζκαηα απφ ηε καζεκαηηθή επεμεξγαζία δηαβηβάδνληαη 

αλάκεζα ζηηο εληνιέο ζρεδίαζεο θαη κε ηε ζεηξά ηνπο απηέο θαηαγξάθνληαη ζην δεηνχκελν 

αξρείν θεηκέλνπ κε δηακφξθσζε jou.  

 

Οη θψδηθεο  ζηελ γιψζζα C δηαθέξνπλ γηα θπιηλδξηθά θαη ζθαηξηθά ζσκαηίδηα αιιά θαη 

απφ ηελ ζηξαηεγηθή πξνζνκνίσζεο. Γηα ηελ επειημία ηνπ ρξήζηε, δηαηίζεληαη δχν ζελάξηα. 

Σν ελάξην Α πεξηέρεη ηνπο ζηεξενχο φγθνπο ησλ ζσκαηηδίσλ ελψ ην ελάξην Β πεξηέρεη 

κφλν ηνλ ελαπνκείλαληα φγθν ηνπ αληηδξαζηήξα κε ηελ αθαίξεζε ησλ φγθσλ ησλ 

ζσκαηηδίσλ. Σα δηαθνξεηηθά ζελάξηα επηηξέπνπλ δηαθνξεηηθή κνληεινπνίεζε αλάινγα κε 

ηηο απαηηήζεηο ηνπ ρξήζηε. 

 

Η απηφκαηε ζρεδίαζε ηεο γεσκεηξίαο δελ είλαη αξθεηή γηα ηηο CFD πξνζνκνηψζεηο ηνπ 

αληηδξαζηήξα, θαζψο ην πξφβιεκα κε ηε δηαθξηηή κέζνδν έγθεηηαη ζηε ζρεδίαζε ηνπ 

πιέγκαηνο. Γηα ηελ αληηκεηψπηζε ηνπ πξνβιήκαηνο ησλ πςειά ζηξεβιψλ θειηψλ πιέγκαηνο 

ζηα ζεκεία επαθήο, ελζσκαηψζεθαλ ζηνλ θψδηθα ηερληθέο δεκηνπξγίαο πιέγκαηνο. Σν 

κνληέιν πνπ ρξεζηκνπνηήζεθε απφ ηνπο πην πνιινχο εξεπλεηέο γηα ηε δεκηνπξγία 

πιέγκαηνο ήηαλ ην κνληέιν “near-miss” εθηφο ησλ πεξηπηψζεσλ επηθαιππηφκελσλ ζθαηξψλ 

ή ηελ απνπζία ζεκείσλ επαθήο. ηελ παξνχζα δηπισκαηηθή εμεηάδεηαη ην κνληέιν “near-

miss” (ηερληθή 1), θαζψο θαη ε δπλαηφηεηα εηζαγσγήο κηθξφηεξσλ ζθαηξψλ ζηα ζεκεία 

επαθήο ησλ εθαπηφκελσλ ζσκαηηδίσλ (ηερληθή 2).  

 

Γηα ηελ αλάπηπμε ηεο ηερληθήο 2, ε νπνία αλαθέξεηαη σο model sphere, 

πξαγκαηνπνηήζεθε κηα ελδειερήο έξεπλα γηα ηνλ πξνζδηνξηζκφ ηεο ζέζεο θαη ηεο αθηίλαο 

ησλ ζθαηξψλ ζηα ζεκεία επαθήο. ην ζρεδηαζηηθφ πξφγξακκα Gambit, φηαλ έλαο φγθνο 

αθαηξείηαη, ελψλεηαη ή ρσξίδεηαη απφ έλαλ άιιν φγθν, πξνθχπηνπλ θαληαζηηθνί φγθνη ή 

επηθάλεηεο ή αθκέο. Γηα ηελ απνθπγή ηνπ πξνβιήκαηνο απηνχ, δφζεθε ηδηαίηεξε πξνζνρή 

ζηε ζρεδίαζε ησλ κνληέισλ ζθαίξεο ζηα ζεκεία επαθήο. Σα ζπκπεξάζκαηα ηεο έξεπλαο 

θαη νη απαξαίηεηεο ηερληθέο γηα ηε δεκηνπξγία πιέγκαηνο κε ην κνληέιν ζθαηξψλ 

πεξηιακβάλνληαη ζην θεθάιαην 3 θαη δίλνληαη ζπλνπηηθά ζην ζεκείν απηφ απφ ηελ Δηθφλα 

15. 

 

 

 

 



   

Δπηθαιππηφκελεο 

ζθαίξεο 

Κξίζηκε επηθάιπςε  Έλα ζεκείν επαθήο 

 

Μηθξφ θελφ κεηαμχ 

ζθαηξψλ 

 

    

Με εθαξκνγή model 

sphere 

Φαληαζηηθή γεσκεηξία 

 

Κξίζηκε αθηίλα  

model sphere 1mm 

Απνδεθηφ κνληέιν γηα 

δεκηνπξγία πιέγκαηνο 

 

Δπαθή ζηελ 

πεξηθέξεηα (best case) 

 

Δπαθή ζηελ 

πεξηθέξεηα (worst 

case) 

 

Δπαθή κεηαμχ 

παξάιιεισλ 

επηθαλεηψλ 

  

        

Δπαθή ζην πάλσ θαη 

θάησ κέξνο  

 

Κξίζηκε αθηίλα  model 

sphere κεγαιχηεξε 

απφ 1mm 

Κξίζηκε αθηίλα  model 

sphere κεγαιχηεξε 

απφ 1mm 

Σερλεηή εηζρψξεζε 

ζσκαηηδίσλ  

Έλσζε  

 

Αθαίξεζε βαζηθνχ φγθνπ 

απφ  model sphere 

Αθαίξεζε model sphere απφ 

βαζηθφ φγθν 

 

Γηαρσξηζκφο  Model sphere 

ζε δχν κέξε 

  
 

Τςειή ζηξεβιφηεηα θειηψλ Τςειή ζηξεβιφηεηα θειηψλ 

γηα αθηίλα κηθξφηεξε ησλ 

1.5mm 

Κξίζηκε αθηίλα model sphere 

1.5mm 

 

Γηα ηηο πξνζνκνηψζεηο πνπ έγηλαλ κε θπιηλδξηθά θαηαιπηηθά ζσκαηίδηα θαη ηελ ηερληθή 

ζχλδεζεο δπν ζθαηξψλ, ρξεηάζηεθε λα κεησζεί ε αθηίλα ησλ ζθαηξψλ νχησο ψζηε λα ιεθζεί 

ππφςηλ ε πεξίπησζε ηεο εηζρψξεζεο ηνπ ελφο θπιίλδξνπ (δεπγαξηνχ ζθαηξψλ ) ζηνλ άιινλ, 

φπσο θαίλεηαη ζηελ Δηθφλα 16. Η λέα ηηκή ηεο αθηίλαο ππνινγίζζεθε ζχκθσλα κε ηελ 

 

Δηθφλα15: Σερληθή Model sphere γηα ηελ επαθή ζθαηξψλ, θπιίλδξσλ θαη ηνίρνπ 

1 

2 



   

Δμίζσζε 9, πνπ δίλεηαη ζηελ Δηθφλα 16. Η ηηκή ηνπ χςνπο πξνζδηνξίζηεθε απφ ηελ 

πξφζζεζε ησλ ηεζζάξσλ αθηηλψλ. Με ηε κείσζε απηή ησλ αθηηλψλ πνιιά ζεκεία επαθήο 

κεηαμχ ησλ θπιίλδξσλ εμαιείθζεθαλ. πκπεξαζκαηηθά πεξηζζφηεξεο ζθαίξεο απαηηνχληαη 

γηα ηελ αλαπαξάζηαζε ελφο θπιίλδξνπ, ψζηε λα επηηπγράλεηαη αθξηβέζηεξε πξφβιεςε ησλ 

ζεκείσλ επαθήο. 

 

 

     
    

 
   

 

 

     

 

Δμίζσζε 9 

 

 

  

Η Δηθφλα 17 παξνπζηάδεη ηα απνηειέζκαηα ησλ πξνζνκνηψζεσλ θαη ηελ απηφκαηα 

ζρεδηαζκέλε γεσκεηξία ησλ θπιηλδξηθψλ ζσκαηηδίσλ ζην ζρεδηαζηηθφ πξφγξακκα Gambit. 

Σα απνηειέζκαηα δελ απέδσζαλ ηε δεηνχκελε δηαπεξαηφηεηα θαζψο ε δηάηαμε ηνπο 

πξνδίδεη φηη ν αληηδξαζηήξαο ρσξά πεξηζζφηεξνπο απφ 324 θπιίλδξνπο. Απηφ 

επηβεβαηψλεηαη θαη απφ ην γεγνλφο φηη γηα ηνλ ίδην αληηδξαζηήξα ρξεηάζηεθαλ 972 ζθαίξεο 

ίδηαο αθηίλαο θαη φρη 324 δεπγάξηα απηψλ. Σν πξφβιεκα έγθεηηαη ζηνλ ραξαθηεξηζκφ ησλ 

δεζκψλ κεηαμχ ησλ ζθαηξψλ. Καηά ηελ πξνζνκνίσζε παξαηεξήζεθε φηη νη 

αιιειεπηδξάζεηο γηα ζπλδεδεκέλεο ζθαίξεο δελ αθαξκφδνληαλ ζε έλα ζηαζεξφ ζεκείν 

επαθήο, αιιά επηηξεπφηαλ ε νιίζζεζε ηεο κηαο πάλσ ζηελ άιιε. Καηά απηφλ ηνλ ηξφπν νη 

ζθαίξεο έηεηλαλ λα πάξνπλ ηε βέιηηζηε ζέζε αλάκεζα ζηηο άιιεο δηαηεηαγκέλεο ζέζεηο ρσξίο 

λα ζπκπεξηθέξνληαη σο κηα άθακπηε κάδα θπιίλδξνπ, κε απνηέιεζκα ηνλ επεξεαζκφ ηεο 

ηηκήο δηαπεξαηφηεηαο. Παξά ηε κείσζε ησλ αθηηλψλ ησλ ζθαηξψλ, ζχκθσλα κε ηελ 

Δμίζσζε 9 , ην πξφβιεκα ηεο εηζρψξεζεο ηνπ ελφο ζσκαηηδίνπ κέζα ζην άιιν ήηαλ έληνλν 

ηφζν ζηηο ζπλδεκέλεο ζθαίξεο φζν θαη ζηνπο θπιίλδξνπο κεηαμχ ηνπο. Σν  πξφβιεκα 

εηζρψξεζεο παξεκπφδηζε ηε δεκηνπξγία πιέγκαηνο θαζψο θαηά ηε δηαδηθαζία αθαίξεζεο 

φγθσλ, κηθξέο επηθάλεηεο θαη αθκέο δεκηνπξγήζεθαλ απφ ηελ επηθάιπςε ηνπ ελφο 

ζσκαηίδνπ απφ ην άιιν, φπσο ηνλίδεηαη ζηελ Δηθφλα 17. 

 

Δηθφλα 16: Σξνπνπνηήζεηο ζηελ αλαπαξάζηαζε ελφο θπιίλδξνπ απφ δπν ζθαίξεο  



   

 

 

Μεηά ηελ νιηθή πξνζνκνίσζε ησλ θπιίλδξσλ, ε ηερληθή ησλ δηαδνρηθψλ πξνζνκνηψζεσλ 

γηα έλα ηκήκα ηνπ αληηδξαζηήξα χςνπο 50 ρηιηνζηψλ ρξεζηκνπνηήζεθε γηα ηελ αληηκεηψπηζε 

ηνπ πξνβιήκαηνο επηθάιπςεο. Η απαηηνχκελε δηαπεξαηφηεηα γηα ην ηκήκα απηφ δελ ήηαλ 

δπλαηφλ λα επηηεπρζεί θαη ην πξφβιεκα επηθάιπςεο παξέκεηλε. πκπεξαζκαηηθά δελ ήηαλ 

δπλαηή ε δεκηνπξγία πιέγκαηνο γηα ηε γεσκεηξία ηνπ αληηδξαζηήξα κε θπιηλδξηθά 

ζσκαηίδηα αλαπαξηζηψκελα κε δχν ζθαίξεο. 

 

Γηα ηηο πξνζνκνηψζεηο πνπ πξαγκαηνπνηήζεθαλ κε θπιηλδξηθά ζσκαηίδηα 

ρξεζηκνπνηήζεθαλ ηξεηο ηερληθέο γηα ηε δεκηνπξγία πιέγκαηνο· απηή κε επηθαιππηφκελεο 

ζθαίξεο, απηή κε κεησκέλε αθηίλα θαη απηή κε κνληέια ζθαηξηδίσλ ζηα ζεκεία επαθήο. ε 

φιεο ηηο πξνζνκνηψζεηο γηα ηελ επίηεπμε δεκηνπξγίαο πιέγκαηνο, ε αθηίλα ηνπ αληηδξαζηήξα 

απμήζεθε θαηά 0,5 ρηιηνζηά θαη γηα ηηο εθαπηφκελεο κε ην θπιηλδξηθφ ηνίρσκα ζθαίξεο 

ρξεζηκνπνηήζεθε ην κνληέιν ζθαηξηδίσλ ζηα ζεκεία επαθήο.  

 

Γηα ηελ πεξίπησζε ησλ επηθαιππηφκελσλ ζθαηξψλ (Mesh 1), δελ ππήξμε θακία αιιαγή 

ζηνλ θψδηθα ζηελ ηηκή ηεο αθηίλαο ησλ ζθαηξψλ θαη ηα απνηειέζκαηα ηεο DEM κεζφδνπ 

ρξεζηκνπνηήζεθαλ απηνχζηα ρσξίο ηξνπνπνηήζεηο. Σα απνηειέζκαηα απνδεηθλχνπλ φηη δελ 

κπνξεί λα δεκηνπξγεζεί πιέγκα νχηε γηα ην ελάξην Α, φπνπ πξνζνκνηψλνληαη νη φγθνη ησλ 

ζσκαηηδίσλ νχηε γηα ην ελάξην Β φπνπ ακεινχληαη. Ο ιφγνο έγθεηηαη ζηε δεκηνπξγία 

κηθξψλ θπθιηθψλ πιεπξψλ θαη επηθαλεηψλ, φπνπ ε δεκηνπξγία θφκβσλ θαζίζηαηαη αδχλαηε. 

Με ηελ αχμεζε ηεο αθηίλαο θαη επνκέλσο ηεο επηθάιπςεο κεηαμχ ζθαηξψλ, πξνθχπηνπλ 

πνιιά θειηά κε πςειή ζηξεβιφηεηα θαζψο θαη θαληαζηηθέο πιεπξέο κε ηε ρξήζε ηνπ 

πξψηνπ ελαξίνπ. Η Δηθφλα 18 παξνπζηάδεη ηα απνηειέζκαηα ησλ πξνζνκνηψζεσλ φπνπ 

Δηθφλα 17: Δπηθαιππηφκελνη θχιηλδξνη θαη απνηπρία δεκηνπξγίαο πιέγκαηνο θαη 
ππνινγηζκνχ απαηηνχκελεο δηαπεξαηφηεηαο  



   

δηαθξίλνληαη νη κηθξέο επηθάλεηεο πνπ έρνπλ δεκηνπξγεζεί κε ηελ επηθάιπςε-εηζρψξεζε ηεο 

κηαο ζθαίξαο κέζα  ζηελ άιιε. 

 

   

 

Γηα ηηο πξνζνκνηψζεηο κε κεησκέλε αθηίλα ζθαηξψλ (Mesh 2), ρξεηάζηεθε ν ππνινγηζκφο 

ηεο κέγηζηεο εηζρψξεζεο πνπ παξαηεξήζεθε ζηα απνηειέζκαηα ηεο νιηθήο πξνζνκνίσζεο 

972 ζθαηξψλ κε ηε κέζνδν DEM. Η κείσζε ηεο αθηίλαο πξνζδηνξίζηεθε ζχκθσλα κε ηε 

κέγηζηε επηθάιπςε έηζη ψζηε λα κελ ππάξρεη θακία ζθαίξα πνπ ζα επηθαιχπηεη ηελ άιιε θαη 

λα απνθεπρζεί ε δεκηνπξγία κηθξψλ θπθιηθψλ πιεπξψλ θαη επηθαλεηψλ. Με ηε κείσζε απηή 

πνιιά ζεκεία επαθήο ράλνληαη θαη ε έξεπλα απηή κπνξεί λα ζεσξεζεί παξφκνηα κε απηή 

ησλ (Jafari et al. 2008), φπνπ νη ζθαίξεο δελ είραλ θαζφινπ επαθή κεηαμχ ηνπο. Η αθηίλα 

ησλ ζθαηξψλ ηέζεθε ίζε κε 4,64 ρηιηνζηά ελψ γηα ηε δεκηνπξγία ηνπ πιέγκαηνο ν 

αληηδξαζηήξαο ρσξίζζεθε ζε ηξία κέξε ησλ 100 ρηιηνζηψλ. Μφλν γηα ηε δεκηνπξγία 

πιέγκαηνο ζηνλ θελφ φγθν ηνπ αληηδξαζηήξα (ελάξην Β), 2.611.413 θειηά δεκηνπξγήζεθαλ 

κε κέγεζνο δηαζηήκαηνο ίζν κε 1. Μεηαμχ απηψλ πξνέθπςαλ 7 πςειά ζηξεβιά θειηά ζηηο 

ζθαίξεο κε ηε κέγηζηε επηθάιπςε , ηα νπνία κπνξνχλ λα εμαθαληζζνχλ κε ηελ εηζαγσγή 

ελφο κηθξνχ ζθαηξηδίνπ αλάκεζα ηνπο (model sphere). Γηα κέγεζνο δηαζηήκαηνο ίζν κε 2 

πξνέθπςαλ 463.422 θειηά εθ ησλ νπνίσλ 8  θειηά είραλ πςειή ζηξεβιφηεηα θαη βξίζθνληαλ 

ζηελ θνξπθή ηνπ αληηδξαζηήξα. Η Δηθφλα 19 παξνπζηάδεη ηα απνηειέζκαηα ηεο 

πξνζνκνίσζεο θαηαιπηηθψλ ζθαηξψλ κε κεησκέλε αθηίλα. 

 

Δηθφλα 18: Γεκηνπξγία γεσκεηξίαο θαη πιέγκαηνο γηα επηθαιππηφκελεο ζθαίξεο 



   

   

 

Γηα ηηο πξνζνκνηψζεηο φπνπ έγηλε ρξήζε ηεο ηερληθήο εηζαγσγήο ζθαηξηδίσλ ζηα ζεκεία 

επαθήο (model sphere),  ρξεζηκνπνηήζεθαλ ζθαηξίδηα αθηίλαο 1 ρηιηνζηνχ γηα ηηο 

εθαπηφκελεο ζθαίξεο θαη 1,5 ρηιηνζηνχ γηα ηηο ζθαίξεο πνπ εηζέξρνληαλ ε κία κέζα ζηελ 

άιιε (Mesh 3). Ο επηπιένλ εηζαγφκελνο ζηεξεφο φγθνο κε ηελ εηζαγσγή ησλ ζθαηξηδίσλ 

είλαη ίζνο κε 1,59 mm3 γηα ηα ζθαηξίδηα αθηίλαο 1,5 ρηιηνζηνχ θαη 0.623 mm3 γηα ηα ζθαηξίδηα 

αθηίλαο 1 ρηιηνζηνχ. Η εηζαγσγή ησλ φγθσλ ησλ ζθαηξηδίσλ επεξεάδεη θαη ηε δηαπεξαηφηεηα 

ηνπ αληηδξαζηήξα. 

 

Πιέγκα γηα νιφθιεξν ηνλ αληηδξαζηήξα δελ κπφξεζε λα δεκηνπξγεζεί κε ηε ηερληθή 

εηζαγσγήο ζθαηξηδίσλ (model sphere). Ο ιφγνο έγθεηηαη ζην γεγνλφο φηη ε γεσκεηξία πξέπεη 

λα ρσξηζηεί ζε κηθξφηεξα ηκήκαηα φπσο θαη ζηηο πξνεγνχκελεο ηερληθέο. Ο δηαρσξηζκφο 

απηφο ζε φπνην χςνο ηνπ αληηδξαζηήξα θαη αλ ιάβεη ρψξα ζπλαληά ηνπο φγθνπο ησλ 

ζθαηξηδίσλ θαη ηα δηαρσξίδεη ζε κηθξφηεξα δεκηνπξγψληαο επηθάλεηεο πνπ δελ κπνξεί λα 

δεκηνπξγεζεί πιέγκα. Γηα ην ιφγν απηφ ε ηερληθή εθαξκφδεηαη ζε έλα πεξηνδηθφ ηκήκα ηνπ 

αληηδξαζηήξα φπσο ζα παξνπζηαζζεί παξαθάησ (Mesh 5).  Σα απνηειέζκαηα απφ ηελ 

απηφκαηε ζρεδίαζε ηεο γεσκεηξίαο ζθαηξψλ, ζθαηξηδίσλ θαη αληηδξαζηήξα παξνπζηάδεηαη 

ζηελ Δηθφλα 20. 

    

Δηθφλα 19 : Γεκηνπξγία γεσκεηξίαο θαη πιέγκαηνο γηα ζθαίξεο κε κεησκέλε αθηίλα. 

Δηθφλα 20: Απνηειέζκαηα ηερληθήο εηζαγσγήο ζθαηξηδίσλ ζε φιν ηνλ αληηδξαζηήξα 



   

Γηα ηηο δηαδνρηθέο πξνζνκνηψζεηο πνπ πξαγκαηνπνηήζεθαλ γηα ηελ αληηκεηψπηζε ηνπ 

πξνβιήκαηνο επηθάιπςεο, ε κέγηζηε εηζρψξεζε-επηθάιπςε ήηαλ ίζε κε 0,33 ρηιηνζηά. Γηα 

ηε ζρεδίαζε ηεο γεσκεηξίαο θαη ηνπ πιέγκαηνο, ε αθηίλα ησλ ζθαηξψλ κεηψζεθε ζχκθσλα 

κε ηε κέγηζηε επηθάιπςε θαη ζχκθσλα κε ην “near-miss” model θαηά 1%. Δλδεηθηηθφ ζε απηφ 

ην ζεκείν είλαη φηη ην κνληέιν απηφ ρξεζηκνπνηήζεθε γηα πξνζνκνηψζεηο 44 ζθαηξψλ κε 

πειίθν δηακέηξσλ ίζν κε 2 ή 4 ζηηο έξεπλεο ησλ Nijemeisland and Dixon. Δδψ ην κνληέιν 

ρξεζηκνπνηήζεθε γηα 775 ζθαίξεο θαη πειίθν δηακέηξσλ ίζν κε 6. Η αθηίλα ησλ ζθαηξψλ 

ηέζεθε ίζε κε r=4.9336 mm θαη ε γεσκεηξία ηνπ αληηδξαζηήξα ρσξίζηεθε ζε ηέζζεξα κέξε 

ζηα χςε at z=2, z=100 and z=200. Σν πιέγκα πεξηείρε 2.894.520 θειηά εθ ησ νπνίσλ ηα 68 

είραλ πςειή ζηξεβιφηεηα θαη βξίζθνληαλ ζηηο ζέζεηο δηαρσξηζκνχ ηνπ αληηδξαζηήξα. Γηα ηηο 

δηαδνρηθέο πξνζνκνηψζεηο, ρξεζηκνπνηήζεθε θαη ε ηερληθή εηζαγσγήο ζθαηξηδίσλ κε ηα ίδηα 

απνηειέζκαηα ζηξεβιψλ θειηψλ ζηηο ζέζεηο δηαρσξηζκνχ. 

 

Γηα ηελ αληηκεηψπηζε ησλ πςειά ζηξεβιψλ θειηψλ ζηηο ζέζεηο δηαρσξηζκνχ, 

πξαγκαηνπνηήζεθαλ πξνζνκνηψζεηο γηα έλα κφλν πεξηνδηθφ ηκήκα ηνπ αληηδξαζηήξα 

χςνπο 50 ρηιηνζηψλ. Οη πξνζνκνηψζεηο ζην ESyS-Particle πεξηείραλ δπν ίδηα ζηξψκαηα 

ζθαηξψλ ζην πάλσ θαη ζην θάησ κέξνο ηνπ ηκήκαηνο απηνχ νχησο ψζηε ε γεσκεηξία λα 

είλαη παξφκνηα ζηα ηκήκαηα εμφδνπ ηνπ ελφο ηκήκαηνο θαη εηζφδνπ ηνπ επφκελνπ. χκθσλα 

κε ηα θξηηήξηα δηαπεξαηφηεηαο γηα ην ηκήκα απηφ, 162 ζθαίξεο εηζήρζεζαλ ζηελ 

πξνζνκνίσζε θαη ε κέγηζηε εηζρψξεζε ήηαλ ίζε κε 0,215 ρηιηνζηά. ηνλ θψδηθα ε αθηίλα 

ησλ ζθαηξψλ ηέζεθε ίζε κε 4,9 ρηιηνζηά θαη ε ηειηθή δηαπεξαηφηεηα ηνπ ηκήκαηνο κε ηελ 

εηζαγσγή ζθαηξηδίσλ βξέζεθε ίζε κε 0,48.  Σν πιέγκα πνπ δεκηνπξγήζεθε γηα ην ελάξην Α 

ήηαλ 952.852 θειηά ελψ γηα ην ελάξην Β ήηαλ 468.646 θειηά, εθ ησλ νπνίσλ θαλέλα δελ είρε 

πςειή ζηξεβιφηεηα θαη ην ρεηξφηεξν είρε ζηξεβιφηεηα ίζε κε 0,938108. Η Δηθφλα 21 

παξνπζηάδεη ηα απνηειέζκαηα απφ ην ζρεδηαζκφ ηνπ πεξηνδηθνχ ηκήκαηνο θαη ηε 

δεκηνπξγία πιέγκαηνο ζε απηφ. Δλδεηθηηθά αλαθέξεηαη φηη ε πεξηνδηθφηεηα ησλ ηκεκάησλ 

πνπ ζα απαξηίδνπλ ηνλ αληηδξαζηήξα επηηξέπεη πξνζνκνηψζεηο αληηδξαζηήξσλ 

κεγαιχηεξνπ ή κηθξφηεξνπ χςνπο κε ην ίδην πειίθν δηακέηξσλ ρσξίο ηελ επαλάιεςε ησλ 

DEM πξνζνκνηψζεσλ θαη ηνπ θψδηθα ζε C. 

 

 



   

   

 

Η έξεπλα πνπ παξνπζηάζζεθε ζηελ παξνχζα δηπισκαηηθή απνδεηθλχεη φηη ε δηαθξηηή 

κέζνδνο γηα πξνζνκνηψζεηο αληηδξαζηήξσλ κε ζηαζεξά δηαηεηαγκέλα θαηαιπηηθά 

ζσκαηίδηα. Οη ζέζεηο ησλ ζσκαηηδίσλ κπνξνχλ λα πξνβιεθζνχλ απφ ηε κέζνδν DEM θαη 

κέζσ ελφο θψδηθα κπνξεί λα δεκηνπξγεζεί ην αξρείν journal. Η γεσκεηξία ηνπ αληηδξαζηήξα 

κπνξεί λα ζρεδηαζζεί απηφκαηα, ελψ γηα ηε δεκηνπξγία πνηνηηθνχ πιέγκαηνο κπνξεί λα 

επηηεπρζεί κε ην “near-miss” model γηα νιφθιεξν ηνλ αληηδξαζηήξα θαη κε ην “model sphere” 

γηα πεξηνδηθά ηκήκαηα. 

 

Σν πξφβιεκα επηθάιπςεο ζσκαηηδίσλ παξνπζηάζζεθε ζε φιεο ηηο DEM πξνζνκνηψζεηο 

θαη κεηψζεθε κε ηηο δηαδνρηθέο πξνζνκνηψζεηο ιηγφηεξσλ ζθαηξψλ. Δπηπιένλ ην πξφβιεκα 

ησλ πξνζθνιιεκέλσλ ζθαηξψλ ππήξμε ζε φιεο ηηο πξνζνκνηψζεηο θαη ζπληέιεζε ζην 

πξφβιεκα επηθάιπςεο αιιά θαη ζηε δηαθνξεηηθή δηαπεξαηφηεηα ηνπ αληηδξαζηήξα. Ο 

πξνζδηνξηζκφο ηνπ ζπληειεζηή ειαζηηθφηεηαο-δπζθακςίαο ησλ ζθαηξψλ θαη ησλ ηνίρσλ, 

ηεο αχμεζεο ηνπ ρξνληθνχ βήκαηνο, ησλ κνληέισλ αιιειεπηδξάζεσλ θαη ηεο ππθλφηεηαο  

πιέγκαηνο ζηε κέζνδν DEM παίδνπλ ζεκαληηθφ ξφιν ζηελ επζηάζεηα θαη ην ρξφλν ηεο 

ιχζεο, θαζψο θαη ζηελ πνηφηεηα ησλ απνηειεζκάησλ.  

 

Γηα ηε δεκηνπξγία πιέγκαηνο ζηηο πξνζνκνηψζεηο κε ζθαηξηθνχο θαηαιχηεο, ε αθηίλα ησλ 

ζθαηξψλ κεηψζεθε ζχκθσλα κε ηε κέγηζηε εηζρψξεζε, ελψ νη ηερληθέο “near-miss” model 

θαη “model sphere” παξνπζηάδνπλ πην πνηνηηθφ πιέγκα φζν κηθξφηεξε είλαη ε εηζρψξεζε 

απηή. Ο Πίλαθαο 1 παξνπζηάδεη ζπγθεληξσηηθά ηα απνηειέζκαηα ησλ πξνζνκνηψζεσλ κε 

ζθαίξεο. Γηα ηηο πξνζνκνηψζεηο κε θπιίλδξνπο δελ ήηαλ δπλαηή ε δεκηνπξγία πιέγκαηνο, 

ιφγσ ηνπ πξνβιήκαηνο εηζρψξεζεο. Πην αθξηβή απνηειέζκαηα κπνξνχλ λα απνθηεζνχλ κε 

ηελ αλαπαξάζηαζε ησλ θπιίλδξσλ κε πεξηζζφηεξεο ζθαίξεο ζηε κέζνδν DEM. Η αχμεζε 

ηνπ αξηζκνχ ζθαηξψλ ζα επηθέξεη αχμεζε ηνπ ππνινγηζηηθνχ ρξφλνπ θαη ζα επεξεάζεη ηελ 

επζηάζεηα ηεο πξνζνκνίσζεο. Αθφκα ζα κπνξνχζαλ λα ρξεζηκνπνηεζεί ην κνληέιν ησλ 

πεξηζηξεθφκελσλ ζθαηξψλ κε δηαθνξεηηθά κνληέια αιιειεπηδξάζεσλ ζηε ζχλδεζε 

Δηθφλα 21 : Απνηειέζκαηα πξνζνκνηψζεσλ πεξηνδηθνχ ηκήκαηνο 



   

ζσκαηηδίσλ. ηελ έξεπλα πνπ πξαγκαηνπνηήζεθε γηα ηελ εηζαγσγή ησλ ζθαηξηδίσλ ζηα 

ζεκεία επαθήο απνδείρζεθε πην εχθνιε ε δεκηνπξγία πιέγκαηνο γηα θπιηλδξηθά ζσκαηίδηα 

ζε ζρέζε κε ζθαηξηθά· επνκέλσο ε δεκηνπξγία πιέγκαηνο έγθεηηαη ζηελ θαιχηεξε πξφβιεςε 

ζέζεσλ ηεο DEM κεζφδνπ. 
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Skewness 

of worst 

Element 

Worst 

element 

at the 

contact 

point 

Interval 

Size of 

created 

mesh 

Porosity 

Reduced 

Model B 

 

2,611,413 7 0.999303 Yes 1 0.457 

Reduced 

Model B 

 

463,422 8 0.992768 No 2 0.457 

Reduced 

Model A 

 

5,798,162 7 0.999303 Yes 1 0.457 

Reduced 

Model A 

 

876,453 8 0.992768 No 2 0.457 

Less  

spheres 

script B 

 

2,894,520 68 0.996728 No 1 0.545 

Periodic  

segment A 

 

952,852 0 0.938108 Yes 1 0.48 

Periodic 

segment B 
468,646 0 0.938108 Yes 1 0.48 

 

πκπεξαζκαηηθά , ε δεκηνπξγία πιέγκαηνο κπνξεί λα γίλεη κε ηηο δπν πξναλαθεξζείζεο 

ηερληθέο θαη ηα απνηειέζκαηα ησλ πξνζνκνηψζεσλ ζα πξέπεη λα ζπγθξηζνχλ.  Δηδηθφηεξα 

Πίλαθαο 1: χλνςε απνηειεζκάησλ γηα πξνζνκνηψζεηο κε ζθαηξηθνχο θαηαιχηεο 



   

γηα ηελ ηερληθή “model sphere”  ζα πξέπεη λα εμεηαζζεί ε επηξξνή ησλ επηπιένλ 

εηζαγφκελσλ φγθσλ ζην πεδίν ξνήο θαη ζην ζεξκνδπλακηθφ πεδίν. Σέινο, κεηά ηελ 

παξνπζίαζε ησλ ππαξρφλησλ κνληέισλ γηα ηε δηαθξηηή κέζνδν νη πξνζνκνηψζεηο κπνξνχλ 

λα ιάβνπλ ρψξα κε ηνλ πξνζδηνξηζκφ ησλ νξηαθψλ ζπλζεθψλ. 
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ABSTRACT 

 

 

Title:  CFD Simulations on fixed bed catalyst reactor  

 

Author: Efthymia-Ioanna Koytsoumpa 

 

1st keyword:  CFD DEM 

2nd keyword: methanation catalyst 

3rd keyword: mesh 

 

 

The huge energy demand, the production costs, the dependency of energy 

resources, the CO2 costs emissions and the global warming effect emerge the need 

of alternative solutions in the energy industry. The conversion of coal and biomass 

into Substitute Natural Gas (SNG) via the methanation process enhances the concept 

of local energy production fed into existing natural gas grids and thus reducing the 

dependency from gas resources. Computational Fluid Dynamics as a simulation tool 

permits the prediction, the designing and optimization of new products and 

processes, decreasing the need of expensive experimental equipment. 

For the subject documented in this diploma thesis, the existing methods of CFD 

simulations of Methanation Catalysts have been investigated. An extended literature 

research has raised up- arisen the limitations and achievements of the two basic 

simulation methods, the porous media and the 3D representation of the geometric 

structure of the packing. For the accurate prediction of the porosity, the heat transfer, 

the reflection of local effects that control the efficiency and the stability of the reactor 

the 3D representation of the catalytic particles were chosen.  

The limited literature and research have led to the very first steps of this simulation, 

the generation of a geometry where a mesh can be created. The Discrete Element 

Method was used to simulate the random packing of the particles. A code created in 

c programming language provides the opportunity to generate automatically the 

packed geometry to the pre-processing designing program Gambit. 

Within the research for this diploma thesis a case study is provided in order to create 

a mesh able geometry. Furthermore implementations of models for the CFD 

simulation according to the literature research are suggested. 
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Nomenclature 

 

°C degrees Celsius 

  constant 

CH4 methane 

CO carbon monoxide 

CO2 carbon dioxide 

      contact force between particles I and j      

       contact force at the normal direction       

       contact force at the tangential direction      

      viscous contact damping force      

       viscous contact damping force at the normal direction      

       viscous contact damping force at the tangential direction      

   forces acting on the particle      

   body forces acting on the fluid  

  gravity acceleration  
 

    

  height of the reactor     

H2 hydrogen  

  specific enthalpy  
  

  
  

   wall heat transfer coefficient  

K Kelvin 

  factor of elastic stiffness 

     maximum factor of elastic stiffness 

      factor of wall‟s elastic stiffness 

k kinetic energy      

    effective radial thermal conductivity 

   effective fluid thermal conductivity 

   mass of particle i      

  tube to particle ratio 

    Nusselt number at the wall 

   Nusselt number 

  number of particles in the reactor 

Pr  Prandtl number 
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  local pressure      

  radius of the reactor    

Re Reynolds 

        sum of radii of particles in contact 

  radius of the particle     

        distance of the centres of particles in contact     

Sc Scmidt number  

   source of enthalpy generated on volumetric basis  
  

    
  

   source of mass generated on volumetric basis  
  

      

  
  source of momentum generated on volumetric basis  

  

      

  time     

   fluid‟s velocity  
 

 
  

         volume of the reactor      

          volume of the particle      

  relative velocity of two particles  
 

 
  

   velocity of particle I  
 

 
  

   Cartesian coordinates (tensor notation) 

y+ dimensionless parameter defining the boundary layer  

and the mesh adequacy 

   
   

         Reynolds stress terms 

   time increment     

 

Greek symbols 

   ratio of effective viscosity   
  

 
  

    Kronecker Delta Function 

    displacement     

  porosity 

ε dissipation ratio  

    normal viscous contact damping coefficient of particle i 

   angle of equiangular face or cell (°) 

     maximum angle in face or cell (°) 

     minimum angle in face or cell (°) 
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  fluid‟s dynamic viscosity 

   friction coefficient 

    mutual compression of particles i and j or displacement 

   

  fluid‟s density  
  

    
  

  dissipation function  
  

      

  scalar variable 

σ specific dissipation ratio 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 1 Introduction  

  1 

1 Introduction 

Methanation reactors have been used intensively the last years in the energy 

production field. Biomass and coal conversion to Substitute Natural Gas (SNG) via 

the processes of gasification and methanation is a promising technology. The limited 

oil resources, the wish for security of energy supply and the advantages of local 

energy production have forced the industry market to alternative technologies as the 

production of SNG. 

 

The mathematical modelling of the steady and dynamic behaviour of fixed bed 

reactors has been studied extensively and many approaches for multiphase flows 

have been suggested. Over the past decades, Computational Fluid Dynamics (CFD) 

has been used for the visualised prediction of hydrodynamic and heat transfer 

behaviour of fixed bed reactors. For the CFD simulations of the two phase gas-solid 

methanation reactor, the one-continuum method and the discrete method are mostly 

used. The discrete method, although it is not as well documented as the one 

continuum method, allows the realistic representation of the flow pattern and does 

not make use of any porosity approximations. The quality and the size of the meshed 

geometry of the reactor has been a barrier for the use of the discrete method.  

 

In the present thesis, a literature research of CFD simulations with discrete method 

and a comparison of the models of turbulence and heat transfer used are presented. 

According to the packing and the size of catalytic particles, the flow can vary from 

laminar to turbulent within the reactor. Small or large eddies, stagnant points or flows 

around the particles or near the contact points are significant characteristics of the 

specific geometry simulated. The local Nu number is influenced by the particle‟s 

shape and position except from the dependency of the local flow and Re number. A 

good quality mesh cannot be obtained due to the highly skewed elements which 

occur at the contact points. The most common technique for meshing the complex 

geometry is the reduction of the particles‟ radii according to the “near-miss” model. 

 

Discrete Element Method (DEM) is a numerical method for computing the motion of 

individual particles that range in number and size by solving the Newton‟s second law 

of motion. The method is used for the prediction of the randomly packed catalytic 

particles positions in the fixed bed. The parameters of DEM simulations are 
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discussed and the simulations performed with ESyS-Particle DEM software are 

presented.  

 

A C code which couples indirectly the DEM results with CFD method is used for the 

automatically generated geometry in the pre-processing CFD software Gambit. 

Except from the “near miss model”, the “model sphere” technique is presented for the 

mesh generation at the wall to particle contact and at the particle to particle contact. 

The two models can provide a mesh without highly skewed elements for both 

spherical and cylindrical catalytic particles when the contact points are accurately 

predicted from DEM simulations. 

 

The results obtained from the ESyS-particle simulations are incorporated in the C 

code and the geometry with spherical and cylindrical catalytic particles is 

automatically generated. The mesh created and the porosity obtained from the 

generated packing are evaluated in the last chapter. In conclusion, the crucial 

parameters for the DEM simulations and the mesh generation are outlined for 

spherical and cylindrical particles. 

 

 

. 
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2 Basics 

The global warming effect and the pollution of the environment due to flue gas 

emissions and waste generation imply the urgent need of efficient and 

environmentally friendly technologies. The raising energy demands and the high 

costs of energy production due to the required limits of pollutant emissions and the 

limited resources have forced the industry market to turn to alternative technologies. 

The conversion of fossil fuels like coal and lignite as well as biomass to Substitute 

Natural Gas (SNG) by the gasification and methanation process is a promising 

technology. The gasification process with its versatility and efficiency is ideally suited 

to treat any wastes, byproducts and natural feed-stocks. Many researchers have 

concentrated on the idea of the conversion to SNG as the enhancement of the local 

energy production and reduction of the dependency of natural gas resources provide 

great potentials to the power generation. Especially the conversion of coal to SNG, 

due to availability of coal, adds value to coal reserves and the focus on the energy 

diversity allows the use of existing infrastructure of pipelines and combustion 

turbines. 

 

2.1 Overview of the Conversion Processes 

The basic steps for the production of SNG are the process of gasification, the 

process of cleaning gas and methanation. The fuel is inserted into the gasifier, where 

it reacts at approximately above 700°C and converts to high temperature crude gas. 

The gas proceeds to the removal of solids, tars and other impurities including the 

desulfurization process. The clean syngas, that mainly contains H2/CO, continues to 

the catalytic reactor, where the methanation takes place. Figure 1 shows a scheme 

of the SNG production from biomass in a plant built in the Netherlands. 

 

Figure 2 SNG production from biomass (Zwart R.W.R et al. 2006) 
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Gasification is an incomplete thermo-chemical reaction, where partial oxidation at 

high temperatures (over 700° C) takes place and results to the production of raw fuel 

syngas. The syngas is composed mainly from H2, CO and CH4 and its Lower Heating 

Value (LHV) may differ depending on the gasification process (air, oxygen, steam). 

Autothermal or allothermal gasification systems are used to convert the fuel to 

syngas, whereas higher H2/CO ratios result from the allothermal process. Depending 

on the syngas treatment after the gasification, it can be used to produce SNG 

(methanation), electricity in combined cycle plants, hydrogen (gas shift reaction) or 

liquid bio-fuels (Fischer-Tropsch). After the cleaning of the syngas, the methanation 

process follows for the production of SNG. The purpose of the procedure is the 

methane enrichment of syngas and the increase of the calorific value. The clean 

SNG after the methanation can be fed with the optimum pressure to the natural gas 

grid and can be used for energy production. Figure 2 presents an overview of the 

steps and procedures that lead to the production of SNG after oxygen gasification. 

 

The benefits from the production and use of SNG are not only a fuel that provides a 

calorific value similar to natural gas and can be fed to existing grids but also no 

efficiency losses compared to the conventional plants.  

 

Figure 3: Overview of SNG from coal with oxygen gasification ( Weiss M.et al 2008) 
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2.2 Methanation in catalyst reactors 

Methanation is a catalytic procedure that leads to the transformation of syngas to 

methane. The scheme of methane synthesis consists of a multistage reaction 

mechanism. As a chemical reaction, methanation is highly exothermic and the 

temperature of the reactor, where the reaction takes place, imposes technological 

boundaries and requirements. 

 

The efficiency of the methanation is based on the: 

 Synthesis of the syngas (the H2/CO ratio, the residual CO2 content, the higher 

hydrocarbon content, the catalyst poisons ) 

 Optimal operating temperature and pressure   

 Effect of steam on the catalyst activity and stability 

(Eisenlohr, Moeller & Dry 1974) 

 

Currently there are two technological applications of methanation processes, the 

fixed bed methanation reactors and the fluidized beds. The fixed bed methanation 

reactors can work under pressure, are mostly used for SNG produced from fossil 

fuels, and as the heat removal plays an important role, they are usually connected in 

series with intermediate cooling or recycle of product gas.  

Fluidised-bed reactors are known to be suitable for large-scale operations of 

heterogeneous catalytic reactions with high exothermicity. The heat and mass 

transfer is high, compared to fixed bed reactors. They offer the opportunity to easily 

remove, add and recycle the catalyst continuously during the process, but special 

attention should be paid to the attrition and entrainment of the catalyst particles. 

 

 In industrial applications the catalytic particles are very often applied in randomly 

packed beds. Although this packing is not the most efficient, it is used as standard 

packing of catalytic reactors due to its ease of use and low cost compared to fluidized 

bed reactors or structured fixed bed reactors. 

 

The geometry of the catalytic particles varies depending on the application, the use, 

the chemical composition. For example the size of the particles may control the 

internal resistance to diffusion, the pressure drop in the reactor and the activity of the 

catalyst due to the active surface. The catalytic behavior is also influenced by the 



 2 Basics  

  6 

mechanical properties of the metal alloys and the heat transfer efficiency. The 

geometry of the reactor also plays an important role in combination with the particles‟ 

geometry as the velocities, the porosity, the temperature profile, the pressure drop 

are connected to the “particle to particle” and “particle to wall” correlations. A 

common unit representing the geometry of these correlations is the tube (reactor) to 

particle (catalyst) ratio   :  

  
                            

                        
 

 

 
 

 Equation 2 

In summary, the fluid flows through the voids that are generated between the reactor 

and the particles. The fluid contains the reactant components that are transported to 

the particle‟s surface and then through catalyst pores where the chemical reaction 

takes place. The products of the reaction are again transferred to the bulk flow. Heat 

and mass dispersion take place through the reactor in radial and axial direction. 

 

2.3 Simulating methods on fixed bed catalysts 

Packed bed reactors are one of the most commonly used chemical processes for 

industrial processes, including high temperature reactions in shaft reactors, 

absorption processes for gas purification, filtration and heat recovery (Motlagh, 

Hashemabadi 2008, Romkes S.J.P et al. 2003). The reactor engineering 

characteristics have to be specified and some necessities for the design and 

construction of their products are required. 

 

Experimental work, research and mathematical modelling of these reactors have 

been studied for many decades. The most important and controversial theme about 

modelling fixed bed reactors is the qualitative and quantitative description of fluid flow 

and heat transfer. The interactions between particle- to- particle, particle-to-fluid and 

particle-to-wall contribute to the long standing problem of predicting the transport 

phenomena in a fixed bed. 

 

Various projects and researches have been realised but no exact correlations have 

been discovered and many discrepancies occur from one study to another. The 

modelling characteristics are based on physical principles and contain parameters 

from experiments.  Theoretical studies also have been carried out, trying to 

implement models that have been determined from experiments. Especially these 

studies focus on small reactors or lab scale reactors before the procedure of up-
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scaling is conducted. The tube to particle diameter ratio is small (N <10) and few 

studies link local fluid flow to bed structure. For larger tube to particle ratios the 

method of one continuum is usually preferred due to the large amount of small 

particles and the complex geometry.  

 

The basic principle of designing and scaling up a reactor was mainly based on 

experimental data. The increasing computational power has enabled the optimization 

of designing by implementing Computational Fluid Dynamics (CFD). The efficiency of 

process equipment can be predicted by CFD and validated with experiments. 

2.3.1 Existing simulating methods 

The operation, efficiency and life duration of a packed bed catalyst depend on the 

porosity and the tortuosity of the void space that means the position, orientation, size 

and shape of the particles situated inside the reactor. This complex geometry causes 

many problems to the simulation of two-phase simulation, not only to the basic flow 

pattern and simulating models but also to the generation of this specific geometry. 

More precisely the flow streamlines, the kinetics, the surface on which the chemical 

reactions take place, the mass and heat transfer models, the turbulence and 

boundary layers influence the results and the numerical diffusion in every position. 

Thus designing and simulating the full model of a catalyst reactor is a complicated 

task. 

 

The mathematical modelling of the steady state and dynamic behaviour of fixed bed 

reactors have been studied excessively over the past decades (Wei James 1987, 

Dommeti, Balakotaiah & West 1999, Ioardanidis 2002).The equations of momentum, 

continuity, species and energy in the spatial domain and time may vary from 

differential equations to partial differential equations depending on assumptions and 

specific models used. The coupling between the scalar variables, the transport 

processes and the kinetics result in highly non linear equation models (Dommeti, 

Balakotaiah & West 1999). Several approaches for multiphase flows have already 

been suggested: the „diffusion‟ model, the „sphere-pack‟ model, the „percolation‟ 

theory, the „porous media‟ method, the „energy minimization‟ approach. Most of these 

models dealt with gas–liquid concurrent down flow in 2D rectangular packed beds 

with a relatively large size of particles (3–6 mm) at steady state condition (Jiang et al. 

2001). 
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 Especially for the two phase gas-solid system, two principles have been established 

in CFD simulations, the 3D representation of the geometric structure of the packing 

(the discrete method and continuum) and the homogenization of all phases in one 

continuum based method (porous media). Table 1 shows the current state of the art 

of CFD simulations for fixed bed applications. 

 

 

The Lattice Boltzmann method which solves the Boltzmann equations for colliding 

particles in Newtonian fluids is also an alternative method in early stages for CFD in 

fixed bed applications (Feng, Michaelides 2004, Mantle, Sederman & Gladden 2001). 

Table 1 : Principals of CFD simulations for  flow through Packed Beds 
 ((Joshi, Ranade 2003)) 

 

typical equipment 
design issues/applications 

monoliths, fixed beds, packed columns, trickle-bed reactors, filters, etc. 
pressure drop, mal-distribution and channeling, mixing and RTD, scale-up 

Current Status 
 

knowledge of physics 
 

lumped models with or without isotropic porosity are used 
reasonable results for single-phase flows; closure models suitable for multiphase flows 

through packed beds are not adequate 
CFD codes/design 
applicability 
 

commercial CFD codes/models allow simulations of single-phase flow through porous 
media with isotropic or non-isotropic permeability and inertial resistance coefficients 

detailed modeling of a packed bed, which is very computation intensive, is being 
explored in recent studies  

capability of simulating multiphase flow through packed beds is almost nonexistent 
except via user routines based on empirically calibrated closure models  

used for designing equipment with single-phase flow through a porous medium use for 
designing multiphase flow through a packed bed is in the primitive stage 

Path Forward 

limitation of current models 
 

representing void space in packed beds: grid quality, computing resources 
closures for multiphase flow through packed beds: interfacial area, drag 
simulation of flow regimes/ transition and unsteady flows 
mixing and liquid dispersion: role of capillary forces/wetting 
 

 experiments physical models 

development needed 
for overcoming 
the limitations 
 

measurements of porosity distribution 
(with  different length scales) within a 

    packed bed (mean, axially averaged, 
    standard deviation, and so on) with 
    quantification of the way of packing

62
 

pressure-drop measurements along with 
local turbulence characteristics

63
  

local phase distributions and velocity 
measurements for gas-liquid flow 
through well-characterized packed 
bed  

detailed measurements of unsteady flow 
regimes (quantification of key spatial 
and temporal scales) 

experimental data (global as well as 
local measurements) on liquid 
dispersion, bypass, and channeling

6
 

 

models to simulate different packing 
possibilities66  

models to represent transient or low-Re 
turbulent flow through complex geometry 
with severe curvature  

 
 
interphase closure models for estimating  gas-

solid, gas-liquid, and liquid-solid  phases 
under different flow regimes

9
  

DNS or VOF simulations are needed to guide 
the development of closures

67
 

 
quantitative representation of the role of wetting 

and hysteresis on contact angle  
quantification of the role of gradients of porosity 

and capillary forces on liquid dispersion
8
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2.3.2 The one-continuum method 

When the number of catalyst particles is too large, the required computational power 

and time exceeds the limits of available computing resources. The treatment of the 

flow as a continuum leads to an alternative solution. For the gas-solid phase in fixed 

beds, the continuum is mostly represented by porous media. This means that the 

continuum is treated as media that incorporates porous and the fluid is flowing 

through this media. The temperature, the velocity, the mass and all other variables 

that characterized one position in the previous discussed complex geometry are now 

summed up and implemented as averaged values to the fluid continuum. The porous 

in the flow act like a resistance flow but represented as added momentum sinks. This 

one continuum model is the most common method used to simulate fixed bed 

applications in general. Empirical correlations for the radial or axial distribution of 

porosity, for the diffusivity of heat and mass transfer and all the relevant coefficients 

(conductivity and heat transfer coefficient) as well as approximations of turbulence 

are incorporated in this model. 

 

 The 1D plug-flow model or 1D pseudo-homogeneous model was first used where 

the concentration and temperature gradients were assumed only to occur in the axial 

direction and later it was extended with axial mixing and porosity correlations (Liu et 

al. 2008). This first model presents many inaccuracies and may only be used in case 

of negligible difference between the solid and fluid phase conditions and mild radial 

temperature and concentration profiles (Iordanidis 2002). The models which take into 

account the temperature and concentration of the fluid bulk flow and catalyst surface 

can be called heterogeneous models. However, when these models still account for 

one continuum, the effective coefficients are implemented to model the heat and 

mass dispersion as well as heat intra-particles resistances according to theoretical 

porosity distribution and many theoretical correlations are inserted. 

 

The commercial CFD software FLUENT has the following features for modelling 

porous media (Fluent User‟s Guide, 2003): 

 

 The simulation can be performed in 2D or 3D but in the case of a methanation 

reactor a 2D approach is enough as usually the porosity is defined to be 

radial distributed or derived by the mean porosity and the averaged radial 

distribution in the longitudinal direction. As the reactor has usually the 
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geometry of a cylinder, thus periodic boundaries do not necessitate a 3D 

simulation.  

 The momentum sinks are defined by two coefficients, which represent the 

viscous and inertia loss in high velocity flows (in low velocities-laminar flows 

the inertia loss can be neglected). The two coefficients can be derived (either 

if superficial or physical velocity is used) through the known and commonly 

used Ergun's pressure drop semi-empirical equation or by an a priori known 

pressure drop or by inserting experimental velocity and pressure data. 

  The fluid and solid thermal conductivity, isotropic or non-isotropic, have to be 

defined by the user in order to obtain the effective thermal conductivity of the 

medium which is proportional to the porosity distribution. In addition, the fluid 

and the material of the solid component should be defined. 

 Source terms which represent the chemical reactions of the fluid with the solid 

particles for the calculation of heat transfer and are multiplied with the total 

volume of the cells or source terms of other scalar quantities can be included. 

 The model of turbulence can be implemented either by the program‟s default 

option, where the turbulence is treated as the solid medium had no effect 

(large permeability) or either by ignoring its effect on the fluid mixing and 

momentum and transport the turbulent quantities through the medium but not 

in combination (Fluent User‟s Guide, 2003). 

 

 According to porous media method of CFD literature, all the above mentioned 

coefficients are derived from different equations according to the representation of 

the solid medium from cylinders or spheres. The research which has been done for 

the documentation of this diploma thesis was enlarged upon all the CFD simulations 

on fixed bed reactors including methanation and steam reforming reactors etc. 

Simulations in FLUENT using the continuum method can be found in (Yurong He, 

Thang Ngoc Cong & Yulong Ding 2006) and in (Takashi Takeuchi, Masahiko Aihara, 

Hitoshi Habuka ). The most common approach when the method is extended in large 

industrial application is the negligence of axial transport. An analytical study of 

porous media in FLUENT with the implementation of transport model and without any 

empirical correlations for the Schmidt (Sc) and the Prandtl (Pr) numbers is presented 

in (Liu et al. 2008) and (Liu et al. 2006). Figure 3 presents the results of this work. 

The profiles of temperature distribution, of the effective conductivity and the turbulent 

thermal diffusivity are shown in the three pictures respectively.  
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The interactions between viscous flow, transport and kinetics in synthesis gas and 

methanol production processes have been studied in (Jakobsen, Lindborg & 

Handeland 2002) with the 1D and 2D pseudo-homogeneous method. An extensive 

research on multiphase flows using the porosity approach has been presented in 

(Jiang et al. 2001, Jiang et al. 2002a, Jiang et al. 2002b) 

 

An alternative simulation method, which cannot be categorized as a one continuum 

method but it s even far more different to the 3D representation, is the network or cell 

or channel modelling. The method was first introduced by Dean H. and Lapidus in 

1960. The CFD results of the fluid flow in the spatial domain can be combined with a 

network of cells that represent the packed bed with the implementation of the 

porosity distribution and fluid to particle interactions. Network modelling in 

combination with CFD is presented in (Balhoff, Thompson 2006) for non-Newtonian 

flows and for multiphase flows in (Jiang, Guo & Al-Dahhan 2005). Dixon and 

Nijemeisland in (Dixon A. G., Nijemeisland M. 2001) refer that “the revival of the cell 

model approach is likely to meet the same problems as the original, as it must rely on 

idealized pictures of mixing in the interstices of the packing, and as it is extended to 

accommodate both heat and mass transfer only with difficulty”. 

 

Another alternative method is the wave model described in (Benneker, Kronberg & 

Westerterp 1997)for longitudinal mass and heat dispersion in tubular reactors and 

studied extensively for packed bed reactors by (Iordanidis et al. 2004, Iordanidis et 

al. 2003). Other ways to solve the problems occurred from the complication and 

implementation of the physical and chemical phenomena are referred in the literature 

of (Dixon A. G., Nijemeisland M. 2001) but in these sources, the correlations of 

porosity distribution are once more used and hence approximations are inserted. 

Figure 4 : Results from porous media simulation with a sophisticated transport model. The 
temperature profile, the effective conductivity and the turbulent thermal diffusivity along the 
axial direction (Liu,2008) 
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Over the years of research and after an extensive study of all the parameters of the 

two phase state, numerous correlations and assumptions and predictions have been 

made, that usually cannot be applied in general. They only match the results of the 

specific studies. The discrepancies that occur cannot permit qualitative and 

quantitative agreement with the modelling. Although the approach of one phase 

continuum is well documented, a sedulous research should be realised and 

compared to experimental data, not only to literature experimental data but also to 

the real simulating model-equipment. 

2.3.3 The discrete method (heterogeneity and realistic 

representation) 

The discrete method on the other hand, has not been studied extensively and is not 

as well documented as the homogenization method. The complex geometry of 

packed bed imposes a significant number of difficulties, with the main one to imply on 

the generation of the certain geometry, where a mesh can be created. 

 

The first and basic step of generating a geometry of randomly packed particles in 3D 

relies on the representation of: 

 the exact shape and size of the particles 

  the contact points from particle to particle 

  the contact points with the boundaries of the reactor (walls) or other external 

geometry 

 the number of the particles 

As a consequence, these factors influence not only the porosity but also the 

computational time of a simulation that will take into account all of these factors as 

well as the required computational power. It is possible to design a geometry with the 

above characteristics, although it is a complicated task. However the creation of a 

mesh representing thousands or millions of particles with the exact contact points 

and simulation with all the physical models implemented has not been achieved up to 

the present time with the existing computational resources as described in the next 

chapter. 

 

The reason that a mesh is currently unachievable is the number of cells created for 

this geometry and the quality of them. The current mesh generation packages 

commercial or not include a 2D or 3D mesh generation. The 3D representation 
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obviously contains a larger number of cells and requires the CFD software to 

consume more memory and Central Processing Unit (CPU), extending also the 

computational time. The discretization of the domain has an obvious impact on the 

discretization of the differential equations applied, on the numerical diffusion, on the 

convergence and stability of the simulation and as a result at the reliable or not 

outcome and conclusion of the simulation. 

 

In 2D representations there are three types of mesh, the mapped for structured grids, 

the pave with triangles or quads for unstructured grids as shown in Figure 4. The 

preferable type is the map type but it cannot be applied for the representation of 

realistic complex geometries.  

The 2D mesh is the precursor for the 3D mesh generation and for the complex 

geometry requested for fixed beds, only unstructured mesh can be generated, thus 

tetrahedrons, hexahedrons, wedges and pyramids are used to represent the cells of 

the mesh as shown in Figure 5.  

 

The size of these cells and as a result the number of them control the computational 

time as the equations are solved for more nodes. The structured mesh consists only 

of quadrilateral in 2D or hexahedron cells in 3D and every volume is connected to the 

neighbour volumes. The unstructured mesh allows the flexibility of one volume to be 

connected with every other and the cells can have any shape but also introduces 

some problems. The computational time plays an important role although the quality 

of the results in CFD is even more important, so the positions and the refinement of 

   

 Mapped surface  Quad paved surface Tri paved surface 

Figure 5 :Surface mesh types 

 

    

Figure 6 Types of cells (Gambit user guide) 
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the mesh control the simulation. The numerical diffusion is connected with the 

approximate solution of the partial differential equations and results in the reduction 

of its accuracy. The information in numerical solutions passes from one neighbour 

cell to the other lateral to the velocity vector, thus a small mistake in one cell can be 

transferred to the others. The skewness of the cells which is characterized by the 

acute angle that is created in tetrahedrons, hexahedrons, wedges and pyramids may 

lead to numerical diffusion as the solution of one equation may be solved along 

wrong directions (Bergeles George 2006). Especially a mesh with a large number of 

highly skewed elements-cells may cause problems during importation to a CFD 

package, the solution may never converge or become completely erroneous. In order 

to decrease the phenomenon of numerical diffusion, more dense meshes with an 

adequate aspect ratio, free of highly skewed elements are required.  

 

The geometry of a fixed bed contains thousands or millions of small particles that 

touch each other in a random way, thus creating really small and acute angles at 

their contact point with each other as well as at the contact points with the reactor‟s 

walls. The mesh must be denser between the solid and fluid parts within the reactor, 

in order to capture all flow features. Especially for turbulent conditions the constricted 

flow areas that means the contact points between particle to particle and particle to 

wall has to be adequately fine and free of highly skewed cells. Additionally a 

sensitivity study has to be performed in order to determine the influence of the mesh 

on the simulation results. 

 

The discrete method requires the representation of both phases which imposes 

problems at the very first steps of a simulation: 

 A too refined mesh may exceed the computational resources 

 A mesh with highly skewed elements may raise a question of the solution‟s 

accuracy 

  A 3D representation of randomly packed particles is a complicated task due 

to the random positions in 3D and due to the contact points 

Although several researches have been made towards this direction to face and 

overcome the above mentioned impediments of creating a geometry and a mesh of 

randomly packed bed. In section 2.3 of this thesis, the methods of generating a mesh 

will be presented as well as the simulation results of the 3D representation and 

simulation of fixed bed reactors (discrete method). 
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2.3.4 Choosing a method  

The choice of the simulating method mostly depends on the user‟s requirements and 

on the appropriate assumptions and approximations of the model. In general a 

simulation of a fixed bed catalyst reactor should take into consideration the intra-

particle diffusion of heat and mass, the heat and mass exchange between the 

catalyst pellet and bulk fluid, the convection of the fluid, the heat and mass dispersion 

in the fluid phase, the thermal conduction in the solid phase, the heat exchange with 

the confining walls (Iordanidis 2002). The dispersion effects in the reactor are not 

only caused by the complex flow pattern but also by the molecular diffusion, the 

thermal conductivity in solid and fluid phase and radiation which are connected with 

the heat generating source, the surface chemical reactions. 

 

The one continuum method is well documented and is the most common used 

method as mentioned before. Although an extended literature can be found, it is not 

always possible that the results, correlations and assumptions of the other 

researchers will fit the specific case-application studied. On the other hand, the 

discrete method has computational limitations and no extended literature exists up till 

now. 

  

The discrete method presents several advantages compared to the one continuum 

method. The field of the flow represents the realistic flow streams and flow pattern 

and the porosity does not need any equations, assumptions and correlations to be 

defined as it is exactly represented by the designed geometry. The volume of the 

particle has the exact position and the reactions which take place in the porous 

particle can also be simulated. The advantages over the one continuum method lead 

to a more accurate method for simulating fixed bed reactors. The elaborated subject 

of simulating this geometry requires less simplifications and assumptions. The 

dominant phenomena can be described well when the simulating geometry 

approaches the realistic geometry. 

 

The volume ratio and the velocity of the fluid inserted in the reactor are high leading 

to more intensive phenomena of dispersion. A definition of the flow if it is turbulent, 

laminar or transient is not appropriate as this can vary from position to position 

depending on the local topology. A model that does not make use of any 

approximations for the prediction of turbulence is thus more accurate. As high 

velocities occur in the industrial plants, the estimation of mass and heat transfer is 
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more dependent of the velocity profile that is estimated with no approximations. The 

heat transfer coefficients are dependent of the velocity of the fluid and are correlated 

with the Reynolds (Re) or the Peclet number. At regions where low velocity is 

observed, that means around contact points, the conductivity is the dominant heat 

transfer mechanism, thus the lack of contact points can only raise uncertainties of the 

prediction of heat transfer behavior. The heat transfer in packed beds has been 

studied extensively, but mostly for the one continuum method and there is no general 

accepted method found for predicting it (Dixon A. G. 2001, Nijemeisland M. 2001, 

Tsotsas E., Schlünder E.U. 1990, Logtenberg, Nijemeisland & Dixon 1999, Guardo et 

al. 2007). For the above mentioned reasons, the work presented in this thesis is 

focusing on the discrete method and trying to overcome the impediments of the mesh 

and geometry generation. 

 

2.4 CFD simulations with the discrete method  

There are few studies using the discrete method due to the mesh generation 

problem. Although, researchers in the following studies have managed to create a 

mesh and to perform CFD simulations with spherical or cylindrical catalytic particles 

in a cylindrical tube. 

The meshing techniques in general try to refine a coarse mesh by smoothing the 

mesh in the pre-processing designing package or after it is imported to the CFD 

package or by smoothing the surfaces of the volumes. In the pre-processor CFD 

designing package, Gambit the default measure of mesh quality is based on 

EquiAngle Skew that is defined according to the above equation: 

 

 

 

 

   

    

 

    
       

      
 
       

  
  

Equation 3 

 

where:  

      is the largest angle in the face or cell 

      is the smallest angle in face or cell 

       is the angle for the equiangular face or cell 

(                                   ) 

                                                  (Martens Stefan 2007) 

 

The skewness of the cells is characterized by a factor that varies from 0 until 1. A 

mesh that contains cells with skewness over 0.99 cannot be imported in to the 
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simulation package. The number of the highly skewed cells and the factor of 

skewness compared to the overall number play also an important role. The 2D cells 

on the surface of the volume should not exceed a value of skewness over 0.65 and 

the 3D cells in the volume should not in general exceed a value of skewness over 

0.85 for hex, quad and tri cells and 0.9 for tetrahedral cells. (Martens Stefan 2007). 

Common techniques followed are the movement of nodes on the meshed surface, 

the decrease of mesh size in the high skewness region and the implementation of 

size functions. The size ratio should not exceed 20% (Martens Stefan 2007). In the 

following studies there is not an exact mention of the number and the existence or 

not of highly skewed cells, but the fact that the simulations performed are mesh 

dependent betrays that the generation of a good mesh without skewness problems. 

A good mesh mostly consists of smooth variations in mesh size, minimum cell 

skewness and varies from one geometry to the other. Other factors are also used for 

the characterization of the mesh quality as aspect and diagonal ratio, equivalent size 

e.t.c (Gambit User‟s Guide).The meshing technique in the literature research is the 

evasion of contact points. The “near miss” model implemented by Dixon was used to 

account for the particles‟ contact, whereas in other studies several distances 

between the particles were chosen in order to avoid contact points. The “near miss” 

model is implementing shrunk geometries of particles that means that a very small 

gap is created between the contact points that is proportional to the shrunk factor. 

2.4.1 Simulating spherical particles 

The basis of the research that has been done in the 3D representation of spherical 

particles starts from a series of published journals by Dixon. From 1996 until up to 

date, Dixon has achieved a detailed study on CFD simulations on catalyst reactors, 

starting from a three sphere model to predict heat transfer coefficients and continuing 

with two layers of four spheres without contact points (Logtenberg, Dixon 1998) and 

10 spheres with contact points (Logtenberg, Nijemeisland & Dixon 1999). The mesh 

that included contact points was manually manipulated by including additional circle 

lines and spherical dead volumes around the contact points  The particle to tube ratio 

was equal to N=2.43 and different velocity profiles were calculated for the Reynolds 

number (Re) in range of 42 up to 3344. For high Re numbers, eddies were formed at 

the contact points, whereas no eddies were formed in low Re resulting in different 

flow and heat transfer behavior. In addition no significant differences were observed 

for wall heated or cooled reactors with or without heat generation from the spheres. 
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In the first simulations performed by (Nijemeisland, Dixon 2001), the contact between 

44 solid particles was created with common nodes and two nodes around them for 

the fluid elements at the wall. Figure 6 shows the geometry and mesh generation of 

this study. The high skewness within this mesh was obvious and inevitable. The 

mesh was used for laminar flow simulations without any significant problems but 

when a turbulent flow simulation was attempted, the convergence of the solution was 

unachievable. For the necessity of high Re simulations the “near miss” model was 

introduced. A case study for the gap size was made as a too small gap would retain 

the skewness and a too large gap would influence the flow and heat transfer 

patterns. The optimal size was determined to the gap that is created when a sphere 

is shrunk to the 99% of the initial diameter because of a compromise between the 

quick convergence of the simulation and the velocity magnitude variation compared 

to the initial model. An under-prediction of temperature ranging 1.5K at Re=373 to 2K 

at Re=1922 was caused due to the “near miss” model introduction. The simulation 

case for N=2 modeled in FLUENT, the experimental set up and the results showed 

excellent qualitative and very good quantitative agreement.  

 

Another simulation for N=2 and N=4 was performed by the same authors in (Dixon A. 

G. 2001, Nijemeisland M. 2001). For N=2, 430.000 meshed volumes required 5.5 

hours of CPU time for a laminar flow simulation and 11h for the turbulent flow (500 

MHz DEC Alpha). For N=4 simulation, the number of spheres increased so periodic 

identical boundaries were used and a coarse mesh was created with which an 

accurate flow pattern for the laminar flow was not able to be predicted.  The meshed 

geometry of these simulations is presented in Figure 7. 

 

   

10 layers of 4 spheres The “near miss” model     Velocity profile 

Figure 7:CFD Simulations with 44 spheres (Nijemeisland, Dixon 2001)   
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CFD simulations and mesh generation for Composite Structured Packing (CSP) was 

used by (Romkes S.J.P et al. 2003) for tube to particle ratios ranging from 1 to 2. A 

case study of mesh density variations and simulations in CFX-5.3 was used to 

predict the heat transfer from particle-to-fluid of a single sphere and from wall to fluid 

for laminar and turbulent flow in an empty tube. For the variation of 8 to 16 spheres 

depending on the tube to particle ratio, the “near miss” mesh model was used and 

correlations of Nusselt and Reynolds number where validated with experimental 

results. The mesh for the laminar flow consisted of 3.4million cells. The 

dimensionless parameter that is used to verify the mesh adequacy for turbulent flows‟ 

simulations is called y+ (Romkes S.J.P et al. 2003). With the consideration that the y+ 

value for the boundary layer is not influencing the heat transfer model in CFX, 

turbulent flow simulation with respect to discretization errors was also performed. The 

average error in comparison to Nusselt number correlations was less than 15% for 

1≤N≤2 except for N=1.47 where it was 31% because of the high voidage in the 

geometry. 

 

In (Guardo et al. 2005) a four layer array of 11 spheres with 9 contact points and 

3.923 diameter ratio was used for CFD simulations in FLUENT 6.0 and correlations 

between the Nusselt and Reynolds number were obtained and compared for different 

turbulence models. The definition of the y+ was crucial for the appropriate turbulent 

model. Discrepancies occurred in the simulation for low Re and the transition rate 

and the rates of convergence were much slower. Figure 8 indicates the results of the 

simulated geometry. 

 
 

 

Meshed  geometry for N=2 Meshed geometry for N=4 Velocity profile N=2 

Figure 8:CFD Simulations with 44 spheres (Dixon A. G. 2001, Nijemeisland M. 2001, 
Nijemeisland, Dixon 2001) 
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A 120° segment with two axial layers of 5 spheres and periodic boundaries was used 

to simulate an N=4 steam reforming reactor in FLUENT 6.1.(Dixon, Nijemeisland & 

Stitt 2005) The “near miss” mesh method is followed according to (Nijemeisland, 

Dixon 2004) and the effect of the wall conduction is studied. The results reveal a 

negligible difference between the wall conduction and no wall conduction cases but a 

reduction of the maximum temperature and an increase of the minimum temperature 

are observed with the wall conduction. Figure 9 indicates the flow field and 

temperature profile of this study. 

 

A validation case of one single sphere in laminar or turbulent air flow, simulations 

with incompressible air at low pressure for forced convection and mixed convection 

at high pressure with CO2 as supercritical fluid were presented in (Guardo et al. 

2006). The same work was extended in (Guardo et al. 2007). The mesh was 

generated by overlapping spheres (0.5% of their diameter) in order to include contact 

points. For low Re, the results do not show a good agreement with the correlations 

and no mesh sensitivity was noticed. For higher Reynolds numbers (Re>10) and for 

a single velocity condition, the mesh influences the results of the Nusselt number but 

good agreement with the theoretical correlations was achieved. Also the effect of the 

flow rate and direction over the mass transfer is observed in the laminar flow of the 

  

Meshed geometry  Temperature profile 

Figure 9: CFD Simulations with 44 spheres by (Guardo et al. 2005) 

 

  

Streamlines around the packed spheres Axial and radial temperature profile 

Figure 10: CFD Simulations on steam reforming reactor by (Nijemeisland, Dixon 2004) 
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simulating supercritical fluid. The meshed geometry, the temperature field of the one-

sphere validation model as well as the velocity field of the 44 sphere model are 

presented in Figure 10. 

The commercial software COMSOL MULTIPHYSICS 3.3 was used in (Phavanee N. 

et al. 2009) in order to simulate the 3D flow field of gas reactants CO and H2 in a 

tube (d=0,8cm and h=1,2 cm) with and without a mixer. 700 spheres of 650 µm 

diameter and without any contact points were designed and meshed (mesh size 

168.450 with a static mixer and 241.471 without). Only the hydrodynamic field was 

simulated resulting in velocity and pressure profiles for the two cases as shown in 

Figure 11. 

 

A randomly packed geometry of spheres with a variety in the number and diameter to 

achieve different porosity was presented in a study by (Jafari et al. 2008). The 

geometry was automatically generated by the journal input file for Gambit that was a 

result of a C++ code. More than 2×106 volume cells were created to mesh the 

cylinder reactor of 21cm length and 6cm diameter. The transition of the flow, 

pressure drop, and velocity profile as well as dispersion model were investigated. A 

model of Navier Stokes equations was used including inertia forces but not a 

 
  

Meshed  geometry  Temperature profile of one 
single sphere model 

Velocity field 

Figure 11: CFD Simulations of forced and mixed convection (Dixon A. G., Nijemeisland M.   
2001, Nijemeisland, Dixon 2001) 

 

 
 

Without the mixer With the mixer 

Figure 12: Streamlines and velocity profiles in CFD Simulations of 700 spheres by 
(Guardo et al. 2005) 
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turbulent model according to Darcy‟s regimes. Nevertheless this study included 

theoretical correlations for the porosity and turtuosity of the geometry as the 

geometry was constructed using Matlab software, the 3D representation of the 

geometry was chosen. Figure 12 illustrates the generated geometry and velocity 

profile. 

2.4.2 Simulating cylindrical particles 

The cylindrical geometry is a more complicated geometry as the size, the position 

and orientation of the cylinders must be taken into account. In (Nijemeisland, Dixon & 

Hugh Stitt 2004) four cases of cylinders who had 0, 1, 3 or 4 longitude holes in a  

120° periodic segment with two axial  layers of particles in a steam reforming reactor 

were studied. The packing was created according to the Unidense Method and the 

same geometry was studied more detailed in (Dixon, Nijemeisland & Stitt 2005) with 

the implementation of wall conduction. The flow pattern and subsequently the energy 

equation were solved in order to treat the flow as periodic and then the outlet 

conditions of one segment to serve as inlet for the next one. The no heat sources or 

sinks case was modeled by the application of a constant heat flux to the reactor wall 

and for the four cases studied it was proved that the more holes in the cylindrical 

particles the worse is the heat transfer effectiveness of the bed. The radial profile of 

solid cylinders with heat sources/sinks and without presents several differences, but 

when the longitude holes are added in the simulation it changes dramatically. Figure 

13 presents the results of the study. The simulated segment of 120°, the four 

different cases of longitude holes in the cylindrical particles and the temperature 

profile of the simulation which included the conduction mechanism are presented 

equivalently. 

 

 

Automatically generated geometry Velocity profile  

Figure 13: LES simulations in a randomly packed reactor (Jafari et al. 2008) 
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The same geometry was simulated in (Dixon et al. 2008)  where in the mesh 

generation, except from the “near-miss” model, a prismatic mesh of layers with 

different growth factors was implemented for the boundary layer treatment for 

turbulent flows. For y+ in range of 5†30, the results were not trustworthy, but for 

higher values of y+ this boundary layer treatment proved to be a good approach with 

the turbulent model used. The research did not include any endothermic reactions 

and concluded that the multi-holed particles present lower temperature at the walls of 

the steam reforming reactor. 

 

FEMLAB 2.3 was used to simulate two different arrangements of naphthalene coated 

cylinders, designed as closely as possible to the experimental setup by (Motlagh, 

Hashemabadi 2008) as shown in the Figure 14. The hydrodynamic and heat transfer 

behavior of the N=2 fixed bed were investigated and validated by naphthalene 

sublimation mass transfer experiments. Figure 14 illustrates the contour of the heat 

flux in the examined reactor. The results of CFD simulations and experimental results 

showed good qualitative agreement. 

 

  

Simulated segment Streamlines for the 4 cases Temperature profile with 
conduction included 

Figure 14:CFD Simulations on cylindrical particles (Nijemeisland, Dixon & Hugh Stitt 2004) 

  

Arrangement 1 Arrangement 2  

Figure 15: 3D simulations with randomly packed cylinders (Motlagh,A.H., 2008) 
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2.4.3 Combining Discrete Element Method with CFD 

Discrete Element Method (DEM) is a numerical method for computing the motion of 

individual particles that range in number and size by solving the Newton‟s second law 

of motion. The method was first introduced by (Cundall, Strack 1979) for granular 

media and since then various researchers have tried to extend it to fluid-particle 

interaction systems. The method includes two types of motion translational and 

rotational. Interactions between the particles as well as particle-to-wall interactions 

may be included to calculate the overall forces, torque and motion of an individual 

particle. Gravity, buoyancy, collision, inter-particle forces with the inclusion of the 

contact force and viscous damping contact force are some of the interaction that can 

be implemented in DEM simulation for various and complex geometries. The 

implemented interactions and the shapes of the particles from one program to the 

other and from one application to the other differ. According to the Wikipedia website 

there is a list of DEM available commercial or open source software that is presented 

in Table 2 (Wikipedia-DEM 2010). 

 

Open source or non commercial DEM Commercial DEM software 

BALL & TRUBAL (1979–1980) Chute Maven  

LAMMPS PFC2D and PFC3D 

SDEC  EDEM (DEM Solutions Ltd.) 

YADE GROMOS 96 

LMGC90  ELFEN  

ESyS-Particle MIMES 

Pasimodo  PASSAGE/DEM 

 UDEC aand 3DEC 

 Ascalaph Molecular dynamics 

 

  

Except from the above mentioned forces in macroscopic scale, the user has to 

implement cohesion, adhesion, liquid bridging, electrostatic attraction e.t.c or forces 

in the molecular level the Coulomb force, the Pauli repulsion or van der Waals force 

(Wikipedia-DEM 2010). Different integration methods can be employed to calculate 

the velocity and position of every particle for the next time step. As the computational 

power increases, the number of particles simulated has also increased. Millions of 

Table 2 : Available DEM software (Wikipedia-DEM 2010)  

http://en.wikipedia.org/wiki/LAMMPS
http://geo.hmg.inpg.fr/frederic/Research_project_Discrete_Element_Software.html
http://www.launchpad.net/yade/
http://www.lmgc.univ-montp2.fr/~dubois/LMGC90/index.html
https://launchpad.net/esys-particle/
http://www.itm.uni-stuttgart.de/research/pasimodo/pasimodo_en.php
http://www.itascacg.com/3dec
http://en.wikipedia.org/w/index.php?title=Liquid_bridging&action=edit&redlink=1
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particles can be simulated to predict their motion in a 3D domain and define their 

positions at every time step. The overlap between two particles or the large 

displacement, on the contrary are influenced by the elastic stiffness factor. The 

numerical stability is also very sensitive to the elastic stiffness factor thus careful 

consideration should be taken for the optimization of these parameters in a DEM 

simulation (Xu, Yu 1997). 

 

The combination between CFD and DEM has recently been developed for various 

applications. There are two existing ways of combining these methods. The first 

method is a direct coupling of DEM and CFD simulation. DEM tracks the position of 

the particle and applies particle to particle and fluid to particle forces in a 

computational cell at every time step. The results are inserted in CFD where the fluid 

drag forces from the gas flow are obtained and incorporation of the resulting forces in 

DEM at every time step gives the final results as shown in Figure 15.  

 

 

 

 

The location of the particle in the CFD code for the calculation of fluid drag forces 

indicates the need of 3D hybrid meshes, an example of which can be found in 

(Kuang, Yu & Zou 2008). The parallelization of the codes is achieved by Open Multi-

Processing (OPenMP). OPenMP is an application programming interface (API) that 

consists of a set of compiler directives, library routines and environment variables 

and supports parallel applications in computers consisting of a shared memory 

multiprocessors or multi-core processors. This particular method is widely accepted 

DEM

• Positions and velocities of every particle

• Porosity and volumetric particle to fluid 
forces in one computational cell

CFD
• Flow pattern as a continuous phase

• Fluid drag  forces from the gas flow 

DEM
• Incorporation of resulting forces 

• next time step

Figure 16: Coupling DEM and CFD. Method 1 
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for applications that require the constant movement and displacement of the particles 

as in pneumatic conveying (Kuang, Yu & Zou 2009) or in fluidized bed applications 

(Xu, Yu 1997, Di Renzo, Di Maio 2007), in entrainment and deposition as well as in 

separation and filtration processes as shown in Figure 16. As the method is on each 

early stage of development, the incorporation of the effects of turbulence is still an 

open research topic. 

The second method provides also a combination between DEM and CFD but every 

simulation is performed separately. The DEM simulation starts with the calculation of 

the forces applied individually on every particle including only particle-to-particle and 

particle-to-wall interactions without any fluid interaction. The results of the simulation 

and the final position of the particles are implemented in the pre-processor designing 

program for the geometry and mesh generation. A 3D representation of the geometry 

as close to reality as possible is achieved this way and with the prerequisite of a 

good quality mesh, the CFD simulations may start with a well predicted flow pattern 

and exact porosity. 

 

 

 

This method is more applicable for fixed bed simulations as the particles are 

considered to have a fixed position inside the reactor. In (Bai et al. 2009) a study of 

flow field and pressure drop in a fixed bed reactor with the second method coupling 

of DEM and CFD is presented. The results of the simulation with this method used 

DEM
Mesh 

generation
CFD

   

Fluidized bed simulation 
(http://www.dem-
solutions.com/videos.php) 

Entrainment of sand particles 
by a jet of water 
(http://www.efluid.com.cn/topic/
detail.aspx?id=4229) 

Pneumatic conveying 
(Kuang, Yu & Zou 2009) 

Figure 17: Direct coupling Of CFD-DEM simulations  

Figure 18: Coupling DEM and CFD. Method 2 
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show good agreement with measurements taken. The pathlines of the flow, the 

velocity vectors and the pressure profile are shown in Figure 18. 

PFC3D was used for the DEM simulations. Two experimental set-ups were 

constructed to validate the results, a laboratory scale set up consisting of structured 

or random packing of spheres or cylinders for the modeling of the whole reactor and 

a plant scale setup of hundreds of randomly packed spheres for tube to particle 

rations below 4 (N<4). For the cylindrical particles in the laboratory experimental 

setup, an assembly of 1000 spheres was used to represent the geometry of one 

cylinder as PFC3D can simulate only spheres. The geometry is shown in Figure 19. 

The mesh generation technique is summarized in the adoption of the “near-miss” 

mesh model with the a shrinkage factor of 0.5% for spheres and 1% for cylinders and 

for the industrial application, a segment of the reactor was simulated due to 

computational resources limitation.  

 

As the porosity of the tube influences the pressure drop, a study of the deviation 

between the predicted packing from DEM and the actual packing was made. It was 

concluded that the porosity deviation occurs from the DEM simulation, the use and 

the choice of one simulated segment and the particle shrinkage and a correction 

  
 

Flow pathlines Velocity vectors Pressure profile 

Figure 19 : Direct coupling Of CFD-DEM simulations (Bai et al. 2009)  

 
 

Figure 20 :Randomly packed geometries of cylinders (consisting of spheres) and spheres 
(Bai et al. 2009) 
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factor of the porosity deviation was introduced that resulted in 10% error between the 

CFD and plant-scale experimental results. The inconsistency and unreliability of the 

empirical correlations for low tube to particle ratios was also observed. Figure 20 

shows the discrepancies between the Ergun‟s equation (grey line) with the CFD 

results (blue and azure line) and the experimental results (red line) as well as the 

pressure drop along the reactor of randomly packed spheres.  

 

The „near miss‟ model is an approximation of the 3D representation of the reactor‟s 

geometry. The effects of this small gap inserted between the spheres in order to 

avoid the contact points are still under investigation as presented in a case study for 

two spheres in a pebble bed reactor core (Lee et al. 2007). Nevertheless the 

potential of a simulation with the discrete method and the realistic geometry remains 

still a challenge. 

2.5 Models used 

While engineering modeling technology offers great potential, the appropriate 

modeling approach that characterizes qualitatively and quantitatively the simulated 

technology should be taken into careful consideration for the reliability of CFD 

simulations. A summary of the existing models and the models used in the above 

mentioned literature will be presented in this section. 

2.5.1 Basic Equations 

Modeling technological systems based on CFD means that pertinent physic and 

chemical laws have been embedded in to mathematical expressions which are 

 

 

Figure 21  :Pressure drop results from DEM-CFD simulations of randomly packed 
spheres(Bai et al. 2009) 
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solved numerically.  The basic mathematical equations that characterize one system 

are summarized according to the physical laws to the solution or to an approach 

solution of the three basic equations: the conservation of mass, momentum and 

energy. Sub-models are coupled with these three fundamentals to predict and 

characterize precisely a system.  

 

In Fluid Dynamics, the conservation of mass is described by the continuity equation:      

  

  
 

      

   
     

  

    
  

Equation 4 

 

where   is the fluid density,    is the velocity components in each of the    directions 

and    the source of mass generation on a volumetric basis. The terms on the left of 

the continuity equation represent the rate of change of mass per unit volume with 

time and with the motion of the fluid. The conservation of momentum, for Newtonian 

fluids, is described in the three    directions and the three equivalent velocities by the 

following equation:  

      

  
 

        

   
  

 
  

   
 

 

   
   

   

   
 

   

   
    

 

 
 
   

   
        

  

 
 

 

 
  

    
  

Equation 5 
 

where   is the local pressure ,   is the factor of fluid‟s dynamic viscosity and     the 

Kronecker Delta function,    the body forces acting on the fluid and   
   the sources of 

momentum generated on volumetric bases. The terms on the left of the momentum 

equation express the rate of change of momentum per unit volume with time and with 

the motion of the fluid. The terms combined with the dynamic viscosity    on the right 

represent the shear stress caused by the fluid‟s motion. 

After the definition of the Navier-Stokes equations, the fifth equation required to be 

solved is the equation of energy. The energy equation incorporating the first and 

second thermodynamic laws in terms of enthalpy can be written in the following form: 

     

  
 

       

   
  

 

   
    

  

   
  

  

  
 

    

   
       

  

    
  

Equation 6 
 

where   is the specific enthalpy,    is the ratio of effective viscosity and the Prandtl 

number,   is the dissipation function and    is the source of enthalpy generated on a 

volumetric source basis. The term on the left expresses the rate of enthalpy change 

per unit volume with time and motion equivalently. The term  
 

   
    

  

   
   represents 

the molecular diffusion of enthalpy according to Fourier‟s or Fick‟s law of heat 

conduction. The pressure term expresses the reversible work done on the fluid and   
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expresses the irreversible work or dissipation of energy resulting from the shear 

stresses. The shear stresses represent a heat source that raises the internal energy 

of the fluid and the dissipation function is given by the following expression: 

     
   

   
 

   

   
    

 

 
 
   

   
  

   

   
  

  

    
  

Equation 7 
 

(Eaton et al. 1999, Bergeles George 2006, Tsaggaris Socrates 2005). The Navier-

Stokes equations represent all the flow fields that exist in nature, flow fields that 

remain stable or change over time, flow fields of any geometry and fluids of every 

pressure or temperature under the prerequisite that the fluid acts as a continuum 

(Bergeles George 2006).  As the mathematical problem of Navier-Stokes equations, 

with the incorporation of all the boundary conditions, does not have one unique 

analytical solution (Ladyzhenskaya 1975), numerical simulations are used. Since the 

Direct Numerical Simulation (DNS) and the vortex dynamics require extensive 

computational power and resources for the simulation of fundamental flow structures 

with the assumptions of periodic conditions and small Re numbers, the approach of 

finite volumes is followed for practical mechanical applications. The solution 

procedures for the finite volume methods, are categorized into those for 

compressible and for incompressible fluid. The difference between them is the 

coupling between the pressure and the density. 

2.5.2 The model of turbulence 

The problem of turbulence modeling in CFD has no final solution up to date as it is 

still an active field of research. The time dependent Navier- Stokes can be solved 

directly for low Re numbers (laminar flow) whereas in flows with great inertial effects, 

small eddies appear in the flow field and the terms of Navier Stokes equations 

change in time.  For the simplification of Navier Stokes equations, the time scale of 

the physical phenomena is reconsidered and the expressions of velocities, 

pressures, stresses and heat transfer in terms of a mean value and a fluctuating 

component is considered to be adequate. Considering the fluctuations to be of small 

scale and high frequency, the governing equations become time-averaged, 

ensemble-averaged (Fluent‟s User Guide 2003). These expressions, when applied to 

Navier-Stokes equations, result in the Reynolds Averaged Navier Stokes (RANS) 

and contain significant simplifications due to the larger time scale (Bergeles George 

2006). The following equation presents the RANS equations with the ensemble-

averaged or time-averaged expression of values: 
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Equation 8 
 

 

For compressible flows or variable-density flows the Favre-Averaging technique is 

used to account for the effects of density fluctuations due to turbulence. If is   any 

conversed scalar variable, then    is the new Favre-Averaged value, according to 

equation 8: 

   
      

  
 

Equation 9 
 

 Independently of the way of averaging, the RANS equations result in steady state 

forms with the term     
   

          known as the Reynolds stress terms. The different models 

of turbulence focus on the solution of these terms by the Reynolds stress model 

(RSM) (direct solution) or modeling of them with zero, one and two equations (Rodi 

Wolfgang 1993). While the RSM model solves an additional partial differential 

equation for every Reynolds stress term resulting in more computational intensive 

simulation, the other models use the Boussinesq hypothesis (Boussinesq 1877)  

which relates the Reynolds stresses to the mean velocity gradients.  

 

Zero equation models use an algebraic model to determine the eddy viscosity. One 

of the most common is the Prandtl mixing length model (Rodi Wolfgang 1993). The 

one equation model inserts the term of kinetic energy (k) adding one partial 

differential equation for the transport of kinetic energy. A review of one model 

equation can be found in (Launder 1972). Spalart-Allmaras is a one equation model 

that has been shown to give good results for boundary layers subjected to adverse 

pressure gradients and used for coarse meshes (Launder 1972). The two equation 

models insert one more partial differential equation for the dissipation ratio (ε) or the 

specific dissipation ratio (σ). The k- ε models can be categorized to standard k- ε, 

renormalization group k- ε (RNG) and realizable k- ε that are modifications of the 

standard k- ε model described in (Launder 1972). The k- σ models can be 

categorized to standard k- σ and the shear stress transport k- σ (SST) model. The 

theory of the models as well as the comparison between them and suggested 

implementations to CFD simulations can be found in (Fluent‟s User Guide 2003). 

Table 3 by (Guardo et al. 2005) presents the basic models of turbulence used. 
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Model: One equation models Two equation models 

 

 Spalart-Allmaras Standard k- ε RNG k- ε Realizable k- ε Standard k- σ 

Reference: Spalart and Allmaras 
(1992) 

Launder and 
Spalding (1974) 

Choudhury et al. 
(1993) 

Shih et al. (1995) 
 

Wilcox (1998) 
 

Features: Uses a differential 
partial 
equation for the 
turbulent velocity 
scale. 
The turbulent quantity 
modeled is the 
effective 
viscosity. 
 

Uses one 
differential 
equation for the 
turbulent velocity 
scale and another 
for the turbulent 
length scale. The 
variables modeled 
are the turbulent 
kinetic energy, k, 
and the rate of 
dissipation of 
turbulent kinetic 
energy, ε. 
 

This model is 
derived from the 
instantaneous 
Navier–Stokes 
equations, using 
the 
“renormalization 
group ”(RNG) 
methods. This 
results in a 
model with 
constants 
different from 
those in the 
standard k– ε 
model, and 
additional terms 
in the transport 
equations. 

The term 
“realizable” 
means that the 
model satisfies 
certain 
mathematical 
constraints on 
the normal 
stresses, 
consistent with 
the physics of 
turbulent flows. It 
adopts a new 
eddy-viscosity 
formula and a 
new model 
equation  for 
dissipation (ε ) 
 

This model is 
based on 
model 
transport 
equations for 
the turbulence 
kinetic energy 
(k) and the 
specific 
dissipation 
rate (ε ), which 
can also be 
thought of as 
the ratio of ε to 
k. Production 
terms have 
been added to 
the model 
equations. 

 

The choice of a turbulent model depends on the specific geometry and application. In 

(Logtenberg, Dixon 1998) the choice of a turbulent model for the fixed bed 

applications is investigated in simulations performed in Ansys Flotran. The non 

touching spheres used and the void fraction of the reactor indicated that a case study 

for laminar or turbulent flow, should be carried out. The Reynolds number, at which 

the turbulent eddies begin to be formed in a fixed bed reactor, is not defined and may 

vary from one geometry to the other. Both laminar and turbulent flow are suggested 

to be used and compared in terms of velocity and temperature profiles as well as 

correlations with Nusselt numbers and radial effective thermal conductivity ratio. The 

results of this study show no difference between the laminar model and the standard 

k- ε turbulent model for Re in range of 58-580. The same authors in (Logtenberg, 

Nijemeisland & Dixon 1999), for a fixed bed consisting of 10 spheres with particle-to-

particle and particle-to-wall contact points, used a laminar model and the standard k- 

ε turbulent model. It was found, that for Re below 182, no eddies were formed, but for 

larger numbers eddies were formed at the contact points between the wall and the 

particles which changed the trend of Nusselt number and increased the heat transfer. 

In (Dixon A. G. 2001, Nijemeisland, Dixon 2001), the “near-miss” model was 

introduced for 44 spheres and the hydrodynamic and heat transfer behavior for 

turbulent and laminar flows were studied. Important conclusions about the flow near 

the “contact” points were made. Small vortices are formed at the downstream in the 

wake of the spheres‟ “contact” points and the flow in the small void spaces around 

Table 3 Turbulence models (Guardo et al. 2005) 
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the “contact” points is very slow. This indicates that there are almost stagnant fillets 

around the “contact” points through which conduction is the dominant heat transport 

mechanism. The radial flow was well predicted at those simulations. This relies on 

the fact that the mechanism of heat convection is also well predicted resulting in an 

increase of the overall heat transfer. The simulations were performed for different Re 

numbers and validated by experimental results. The comparison between the two 

different kinds of flows for Re=1922 and Re=373 shows little difference. Additionally, 

the comparison between experimental data and simulations shows lower 

temperature profiles that are more intensive for higher Re numbers. The turbulent 

model used was the standard k- ε for the basic simulations, while the k- ε RNG and 

the RSM model were used for the comparison of the results, where no significant 

differences were observed. In (Dixon et al. 2008) the k- ε RNG was used for an 

unstructured tetrahedral mesh with a boundary layer prism mesh near the tube wall 

that proved to be a good approach for fixed bed simulations. 

 

In (Romkes S.J.P et al. 2003) a case study for a one sphere model was performed 

for the comparison of different turbulent models and the prediction of mesh 

adequacy. For the turbulent flow (127<Re<127x105) where the laminar sub layer and 

buffer layer were described by standard wall functions, the standard k- ε, the k- ε 

RNG and the RSM model were used. The k- ε RNG showed better results compared 

to standard k- ε because of the limited performance of standard k- ε on curved 

boundary layers. As RSM and k- ε RNG showed similar results, k- ε RNG was 

chosen for the simulations due to less computational time needed. For the 

simulations of 8-16 spherical particles, both the standard k- ε and RNG were used to 

determine correlations between the Nusselt and Re number. Special attention was 

given to the mesh adequacy according to y+ factor for turbulent flows for the near wall 

treatment. The y+ criterion was only met for higher Re. For lower Re, y+ values were 

even smaller than one but CFX code appeared to be quite robust outside the 

recommended values of y+ (typical values 30< y+<300, recommended 10< y+<1000 

(Romkes S.J.P et al. 2003)) .   

 

Guardo in (Guardo et al. 2005) presents an analytical study of the influence of the 

turbulent models used. The mesh adequacy was studied according to y+. The two 

layer modeling scheme and the wall functions for the near wall treatment when a k- ε 

model is used, were found not to be adequate enough. For these reasons, the 

Spalart-Allmaras turbulent model was used, which incorporates wall functions and 

damping functions. More information about the wall treatment with wall functions and 
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two layer modeling scheme as well as for the requirements when the Spalart-

Allmaras model is used can be found in (Fluent User‟s Guide, 2003). All models 

present similar velocity profiles except at the wall boundaries. Analytically the 

standard k- ε model predicts larger heat transfer rates through the wall due to 

stagnation points which was also referred in (Logtenberg, Nijemeisland & Dixon 

1999).  The k- ε realizable model over-predicted the dissipation resulting in under-

estimated heat transfer. The additional diffusion terms of standard k- σ affected the 

heat transfer parameters. The RNG k- ε showed an under-estimation of the turbulent 

viscosity. Spalart-Allmaras presented better results for the estimation of pressure and 

heat transfer parameters. Figure 21 presents the comparison of turbulence models 

performed in this study. 

 

Special consideration should be taken for Re<300 as RANS  models  fail to predict 

the transition from laminar to turbulent flow and many discrepancies between 

simulation results, experimental data and empirical correlations occur (Guardo et al. 

2005,Guardo et al. 2006). The Spalart-Allmaras turbulent model was used to the 

following studies of the author (Guardo et al. 2005, Guardo et al. 2006, Guardo et al. 

2007). 

 
Dixon and Nijemeisland in (Dixon, Nijemeisland & Stitt 2005, Nijemeisland, Dixon 

2004) used the RNG k- ε model with the two layer modeling scheme in order to 

compute the kinetic energy in the wall-adjacent cells. The solution of the flow was 

first determined and subsequently the energy solution in periodic segments. The two 

solutions were decoupled as in the high industrial flow rates, the gas temperature 

was not expected to influence the flow. In (Phavanee N. et al. 2009) the laminar 

model was used for the steam reforming simulations. 

 

 
 

Figure 22: Results from Guardo‟s comparison of turbulence models according to the 
Nusselt number and heat transfer rate through the wall equivalently (Guardo et al. 2005) 
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The Large Eddy Simulation model (LES) is another approach of solving Navier-

Stokes equations. The Navier-Stokes equations can also be manipulated to filter the 

small scales. In (Jafari et al. 2008) LES was proved to be a useful tool for the 

prediction of turbulent flow regimes in porous beds. According to the authors the 

dispersion in the fluid flow plays an important role and can be categorized in three 

principal mechanisms: the molecular diffusion across the streamlines, the diffusion 

caused from stochastic velocity fluctuations due to the random geometry of the 

particles and the non- mechanical diffusion due to dead-end pores. Laminar flow and 

turbulent flow modelled by LES and RSM for comparison were investigated in this 

study of non overlapping randomly packed spheres. The dispersion was modelled by 

the volume averaged concentration of the solute in Fick‟s law with a constant 

effective diffusion coefficient accounting for the three mechanisms. The Re number 

was estimated according to permeability, porosity and interstitial fluid velocity 

magnitude. The transition criteria according to the author have not been defined yet 

and they vary according to permeability. The modelling of a flow regime with wide 

range of time and length scales requires a mathematically rigorous methodology. The 

comparison between RSM and LES showed that LES (with Smagorinsky submodel) 

showed better agreement with the results of other researchers. 

 

In (Motlagh, Hashemabadi 2008) the standard k- ε model was used in FEMLAB with 

a different mesh cases in order to achieve mesh adequacy. The comparison was 

based on the results of pressure drop for different Re numbers, empirical correlations 

and experimental data of the exact simulated geometry. The average error between 

the CFD results and the experimental results was proved to be 15.1% for the 

pressure drop.  

 

In (Bai et al. 2009) the standard k- ε model, the realizable k- ε model, the RNG  k- ε 

model, the Spalart-Allmaras model, the standard and SST k- σ model and the RSM 

model were compared. The variation of pressure drop was found to be less than 4% 

for the various k- ε and k- σ models with Spalart-Allmaras model to predict the lowest 

pressure drop. The RSM model predicted the highest pressure drop and it was the 

closest to the measurements. RNG k- ε model had an under-prediction of pressure 

drop less than 3% compared to RSM.  Due to the features of RNG k- ε model for 

flows with strong stream line curvatures and for less CPU time, it was considered the 

appropriate model for the simulation with the implementation of wall functions.  



 2 Basics  

  36 

2.5.3 Models for heat transfer 

Heat transfer is in general categorised in conduction, convection, and radiation. 

According to the application specified heat transfer methods can be taken into 

consideration in the energy equation. Heat transfer is directly connected to the 

turbulence modelling as the flow field is determined by the modelling of Navier-

Stokes equations. In addition the heat transfer coefficients are connected with Re 

number correlations. The diffusion term, the viscous heating, the radiation models, 

the energy sources, the boundary conditions as well as heat transfer coefficients 

have to be defined according to the application for a CFD simulation.  

In (Logtenberg, Dixon 1998), Logtenberg and Dixon describe the heat transfer 

resistance in a packed bed by the effective radial thermal conductivity    and the near 

wall resistance with the wall transfer coefficient   . The effective radial conductivity 

accounts for all heat transfer mechanisms.  Most existing models contain correlations 

for the        and      dimensionless terms with the Re number and the tube to 

particle ratio, N. At this study, the two dimensional pseudo-homogeneous axially-

dispersed plug-flow model (ADPF) and by neglecting the axial conduction, the plug-

flow model was used. Due to the fact that at low Re the axial conduction cannot be 

omitted, the ADPF showed better behaviour but still under-predicted the        and 

     values. The inaccuracies in this work were considered to exist due to no contact 

points and the work was extended in (Logtenberg, Nijemeisland & Dixon 1999) with 

the implementation of contact points between the particles. In this work the ADPF 

model was used for a range of Re numbers and      was given a constant value. The 

comparison between the empirical model and the CFD results showed many 

inaccuracies of the     prediction for Re ranging from 182 to 800. 

 

 In (Nijemeisland, Dixon 2001) where the “near-miss” model was introduced, no 

reference to the         and       values was made. However, the effects of the lack of 

particle-to-wall contact points and the gap approximations were studied and 

compared with experimental data. For 1% reduce of the sphere‟s diameter, a 

temperature difference in range of 1.5 to 2 K was observed compared to the touching 

spheres model. For the steam reforming simulations, the wall temperature was set to 

383 K and the air inlet at 298 K. Simulations that contained a corrected thermal 

conductivity coefficient accounting for radiation effects were also performed. No 

significant difference was observed in low Re, but for Re=1922, higher temperatures 



 2 Basics  

  37 

of 2.5 K were observed. Corrections to the wall temperatures were also implemented 

to take into account the heat transfer of the missing particle-to-wall contact points. 

 

In (Dixon, Nijemeisland & Stitt 2005, Nijemeisland, Dixon 2004, Nijemeisland, Dixon 

& Hugh Stitt 2004) the k- ε RNG was used and the energy equation was solved 

based on the energy balance of k- ε models. A methodology of relating the wall heat 

transfer to the near-wall flow features with a quantitative and conceptual analysis 

could not be found even at a wide range of measurements (Dixon, Nijemeisland & 

Stitt 2005). These studies focused on steam reforming catalysis and simulated the 

energetic reaction effects through user defined volumetric heat sources or sinks 

(Nijemeisland, Dixon & Hugh Stitt 2004). The reaction effects were limited on the 

surface of the particle at 5% of their diameter. In addition constant partial pressures 

were implemented at positions of interest. The results obtained by the 

implementation of heat sources gave significantly different temperature profiles and 

wall temperatures. In (Dixon, Nijemeisland & Stitt 2005) the introduction of wall 

conduction was made for steam reforming fixed beds. The results revealed that wall 

conduction has little effect on the average wall temperatures and virtually none on 

the radial temperature profile. The high and low picks of the wall temperatures are 

mitigated but local variations still persist.  

 

In (Romkes S.J.P et al. 2003), the variations of    according to the different Re 

numbers are investigated by comparing the values obtained with CFD and 

experimental results as well as empirical correlations. All solid surfaces were defined 

to be adiabatic with one or more “active” solid surfaces to have higher temperatures 

than the fluid‟s inlet temperature.  The correlations obtained between Re and Nu 

numbers for different N ratios showed an average error of 15% compared to the 

experimental results. 

 

A comparison between simulation results and empirical correlations of    number 

and the          was also made by Guardo for different turbulent models. The influence 

of the turbulence model in CFD fixed bed simulations was proven to be really 

significant (Guardo et al. 2005). The variations of kinetic energy and the fluctuations 

of the velocity in the near wall regions reflect on the heat transfer profile. A constant 

temperature was applied on the particles‟ surface and the heat transfer resistance 

coefficient resides on the fluid side. For low Re, the Nu prediction does not show a 

good agreement with the theoretical correlations and yields approximately the same 

value of the axial thermal dispersion coefficient (Guardo et al. 2006). This confirms, 
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that for low Re numbers the particle-to-fluid heat transfer contributes less to the 

overall heat transfer mechanism of the reactor. In (Guardo et al. 2007) free and 

forced convection in laminar low for supercritical fluids were also studied and CFD 

simulations proved to be a reliable tool for modeling free or\and forced convection. 

 

In (Jafari et al. 2008), LES was used to model the turbulence and heat transfer was 

not studied. This indicates the complicated task of including the energy balance 

equation in mesh with millions of cells and in sophisticated and computationally 

expensive models as LES.  In (Motlagh, Hashemabadi 2008) the hydrodynamics and 

heat transfer mechanisms were investigated and compared with empirical 

correlations and experimental data for the approximately same geometry.  The k- ε 

model was used and different meshes were tested in order to obtain a heat transfer 

rate that showed to approach the y+ criteria. A constant temperature difference of 

10° C, compared to the fluid temperature, was applied on the solid surface of the 

particles in order to model the heat transfer from the particle to the fluid. A good 

qualitative agreement was obtained for the local Nu numbers between CFD and 

experimental results. The two arrangements of cylinders presented an average error 

of 27.1% and 10% with the CFD results to under-predict the Nu number. The study of 

the influence of cylinders‟ position on Nu numbers showed, that the local Nu reaches 

a maximum near the horizontal cylinders due to the local fluid turbulence around the 

horizontal cylinder. An increase of the local Nu is also observed in narrow flows 

between the particle and the bed wall. In (Bai et al. 2009) where the DEM method 

was used to define the random packing, the heat transfer was not included in the 

simulations.  

2.5.4 Conclusions and Remarks: 

The transition regime in fixed beds cannot be accurately predicted. The flow can vary 

from laminar to turbulent within the reactor according to the geometry. This is 

happening due to the geometry of the particles, the size and shape of which can 

define the local type of flow.  Small or large eddies, stagnant points or flows around 

the particles or near the contact points are significant characteristics of the specific 

geometry simulated. Stagnant flows and laminar flows enhance the mechanism of 

heat conduction. On the other hand turbulent flows enhance the dispersion 

mechanism and according to the model of turbulence used, different heat transfer 

results can be observed. The fluctuations of velocities near the wall region play an 
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important role to the heat transfer mechanisms. Moreover, the local Nu number is 

influenced by the particle‟s shape and position except from the dependency of the 

local flow and Re number.  No generalization or exact methodology can be applied 

for fixed bed geometries of numerous sizes, shapes and ratios (N). According to the 

mesh size, to the wall treatment, to the chosen turbulence model and the mechanism 

of heat transfer, different considerations can be made for every application. After the 

literature research some more appropriate models of turbulence and heat transfer 

were suggested but a case study should also be performed. The RNG k- ε model 

was proven to predict more accurate than the other k- ε and k- σ models and similar 

with the more computationally expensive RSM model. According to the size of the 

created mesh and the computational requirements, RSM and LES can also be used 

for the comparison of the results.  The Spalart- Allmaras model was also suggested 

by Guardo while other studies presented many discrepancies after its use. Mesh 

adequacy and wall treatment plays an important role for the reliability of the results.  

The comparison with theoretical correlations should be taken into careful 

consideration according to the models used, the range of Re numbers and the N 

ratio. After the definition of the modeling regime for fixed bed reactors and the 

problems which occur, a general conclusion is that, performing CFD simulations for 

fixed beds requires a robust modeling from the geometry and mesh until the choice 

of the models used.  In order to eliminate the problems that occur during the 

designing of the geometry and to focus on a creation of an adequate mesh, a way of 

an automatically generated geometry will be presented in the current thesis. The fact 

of changing some parameters in the DEM code and generate automatically a 

geometry of the users‟ requirements becomes a useful tool for the simulation of every 

geometry of a fixed bed reactor.  As for every CFD simulation but especially for the 

fixed bed applications with so wide range of geometries and contrary to the CFD 

experience of the discrete method, a validation of the results with experimental data 

should be made. Due to the complex geometry and phenomena in fixed bed 

reactors, it is extremely difficult to measure the fluid flow inside the bed by 

conventional means and without disturbing the packing arrangement (Nijemeisland, 

Dixon 2001). Non invasive experimental methods have been used to obtain the local 

flow patterns as laser Doppler velocimetry (LDV), marker bubbles and magnetic 

resonance imaging (MRI). Another method for the determination of mass transfer 

characteristics and heat transfer coefficients by heat and mass transfer analogy is 

the naphthalene sublimation method. (Motlagh, Hashemabadi 2008, Romkes S.J.P 

et al. 2003) 
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3 Geometry Generation 

After the literature research and the advantages and disadvantages of the continuum 

method and the discrete method presented in Chapter 2, the following chapter will 

present the geometry generation for the 3D representation of the catalyst reactor with 

DEM. 

3.1 DEM basics 

As described in the second chapter, the Discrete Element Method is an explicit 

numerical scheme for the modelling of individual particles in discrete/particulate 

systems. The motion and position of individual particles or assemblies of them can 

be tracked in every time step according to the second law of Newton. The 

interactions between the particles, which define the forces applied on them and via 

Newton‟s law track their motion, are of high importance. Especially the inter particle 

interactions vary from one DEM software to the other. When the method was first 

introduced by (Cundall, Strack 1979) the inter-particle contact forces were calculated 

based on springs, dashpots and friction sliders. In this model the interaction forces 

are computed when elements slightly interpenetrate each other and this force-

displacement formulation is referred as “smooth contact” method or “force-

displacement” method. This interpenetration or overlap, although it is unrealistic, is 

implemented in order to account for the relative deformation of the surface layers of 

the elements (Donzé, Richefeu & Magnier 2009). Alternative methods referred as 

“non-smooth” contact can be categorized in event-driven methods and contact 

dynamics. The even-driven method is not suitable for large simulations of many 

contacting particles, contrary to contact dynamics. More information about these 

methods can be found in (Moreau 1999) and (Luding S. et al. 1996). Dense isotropic 

arrangements of non-overlapping spheres in tetrahedral meshes which vary in size 

have also recently been developed for the generation of composite media.  

3.1.1 Motion of particles 

The particle‟s translational motion can be described for individual particles based on 

Newton‟s second law by the following expression: 

  

   

  
               

  

       

        

  

     Equation 10 
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Where    and    are the mass and the velocity of the i particle equivalently,       the 

contact force between the particles i and j,       the viscous contact damping force 

and     the gravity force.     are any other forces that can act on the particle 

including electromagnetic forces or fluid particle interactions and will be neglected in 

the present work. The gravitational force acts on the mass center of the particle, 

whilst the inter particle forces    and    act at the contact point between the 

particles. In most DEM packages and also algorithms for granular media, spheres 

are used for the calculations as the simplest granular particle. As spherical geometry 

requires only definition of the radius and the contact points can easily be detected, it 

allows less complicated models and less computational requirements (Donzé, 

Richefeu & Magnier 2009). 

3.1.2 Modeling Inter-particle forces: 

The modeling of the contact between spheres has been extensively studied in DEM 

and can be in general categorized in linear models, non linear models and non linear 

hysteric models (Xu, Yu 1997). According to (Pöschel T., Schwager T. 2005), two 

spheres which are in mechanical contact can be defined by the following equation:  

                           Equation 11 

 

 

 if the sum of their radii is larger than the distance of their center.     is called the 

mutual compression of particles i and j or displacement (Pöschel T., Schwager T. 

2005). 

 

 The force between contacting particles can be described by the normal and 

tangential components as shown in Figure 22.  

 

 

 

 

 
 
 
                                      

 

Figure 23: Inter-particle forces in tangential and normal direction  

 

    

        

        

    
        

        

      
        

  
                                          

 
                                               

  

                                                                                  Equation 12 
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When particles collide, a part of their kinetic energy is dissipated, for example 

transformed into heat. In granular particles simulation the shape of the particles is 

assumed to be conversed while the temperature change is neglected (Pöschel T., 

Schwager T. 2005). The linear-spring model of Cundall and Strack (Cundall, Strack 

1979) is widely used due to its simplicity. In general form the two kinds of forces can 

be written as  

where   is the constant elastic coefficient,     is the displacement in the direction of 

the acting force,     is the normal viscous contact damping coefficient of particle i and 

   the relative velocity         of the two particle‟s in contact. The normal contact 

forces, which occur at the center of the displacement along the line joining the 

centers of the two spheres, are modeled according to the spring or elastic constant 

normal coefficient and the normal displacement. The tangential forces or shear 

forces are mainly determined by the surface properties of the particle and are 

modeled in an intuitive way. As the normal forces are modeled by the compression or 

displacement factor, the modeled point of contact is exactly the point of contact for 

hard spheres and an approximation for deformable spheres (Pöschel T., Schwager 

T. 2005). Friction between particles can be simulated by the tangential forces and it 

can be either static or dynamic according to the defined parameters. The tangential 

contact force is analogous to the increment of tangential displacement, defined from 

the previous time step, and the tangential elastic constant coefficient, which is 

initialized at the time of the first contact until the particle‟s surface separate again. 

The tangential elastic coefficient has to be defined by comparison of experimental 

results with the simulation results (Pöschel T., Schwager T. 2005). For large normal 

contact forces or small relative velocities, the expression of tangential contact force is 

given by the following expression (static friction according to Coulomb‟s law), 

                         Equation 14 
 

Otherwise, sliding occurs (dynamic friction) and is given by the expression 

                         Equation 15 
 

 If the contact forces are modeled only by the linear model then no energy dissipation 

will be calculated and the contact will be perfectly elastic. In reality, as mentioned 

before, a part of the kinetic energy during the collision is dissipated that leads to 

plastic deformation or heat or sound energy. This mechanism can be simulated by 

adding a viscous contact damping force. The viscous damping forces for particle i are 

proportional to the relative velocity of the two particle‟s in contact by the definition of 

            and                  Equation 13 
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the viscous damping coefficient     as described in equation 12. If sliding occurs then 

only friction damping is considered and the viscous damping is vanished (Cundall, 

Strack 1979). Many contact models have been in DEM including the linear model and 

the non-linear Hertzian model (Malone, Xu 2008) and many other more sophisticated 

models (Xu, Yu 1997). In the present work the linear model was described because 

of its implementation on the DEM code used. More details on the contact model used 

will be given in the relevant section of the code.  

3.1.3 Modeling Boundaries 

The interaction between the particles and system boundaries are of great importance 

for DEM simulations. For example, the material properties of the container, the 

motion of the container (vibrations or applications of axial compression), the shape, 

the size and the stiffness of the boundaries play an important role for the simulation. 

The wall roughness and the interaction with the particle‟s motion have to be modeled. 

In (Pöschel T., Schwager T. 2005) the representation of the wall boundaries by 

building up the geometry from particles is suggested. The geometrical shape of the 

surface of the wall also influences the interactions. A rigid wall imposes forces on the 

particle that normally would include elastic repulsion, friction e.t.c. The modeling of 

these interactions depends again on the model used in DEM. Many DEM 

applications implement interaction with stationary or movable walls with different 

models used and special consideration should be taken for the definition of the 

parameters. Periodic boundaries are also commonly used in simulations in order to 

reduce the computational time. 

3.1.4 Modeling Bonded Particles 

In many applications of DEM, the geometry of a sphere is not adequate, because 

there are cases in real applications where either the cemented materials are more of 

interest than granular materials or different shapes need to be simulated. The 

technique of bonding particles and defining different interactions for those bonds is 

often implemented to account for complicated geometries. The overall mechanical 

behavior of the bonded group of particles can be estimated through the collective 

contributions of the participating particles in motion, displacement, sliding and 

rotation (Donzé, Richefeu & Magnier 2009). Bonds of finite stiffness can be defined 

and another contact model should be implemented for the bonded particles‟ contacts. 



 3 Geometry Generation  

  44 

A bonded-particle granular assembly and a cemented material should exhibit similar 

deformation and damage-formation processes under increasing load as the bonds 

are broken progressively and both systems gradually evolve toward a granular state 

(Potyondy, Cundall 2004). 

3.1.5 Time step  

The appropriate choice of time step in DEM simulations is of great importance for the 

accuracy and stability of the simulation as well as for the CPU requirements and 

computational time. In (Malone, Xu 2008), a study for the determination of a suitable 

time step for DEM is presented. Lower order schemes of time discretization such as 

central difference are often used in DEM applications. Many researchers have tried 

to define a critical value for the maximum time step based on the properties of the 

particles. This value is often correlated with the natural frequency of the equivalent 

mass-spring system and due to this fact it varies from one application to the other. 

The critical value of the time step is commonly obtained by the following equation 

(Malone, Xu 2008): 

      
   

    Equation 16 

 

 where   is the particle‟s mass,   is the particle‟s stiffness and   is constant that can 

vary according to the simulation. From equation 15, the high importance of stiffness 

factor on the simulation is observed. The “smooth contact” method or “force-

displacement” method allows the modeling of multiple particle contacts but if the 

normal interactions between the particles are needed to be stiff for the minimum 

displacement then a very small time step is required. The number of simulated 

particles also influences the time step as more contacts are inserted in the model. 

Many “smooth contact” methods allow softer interactions between the particles for 

less computational requirements and stable solutions by artificially increasing the 

duration of contact (Hoomans et al. 1996). 

3.2 ESyS –Particle Software  

ESyS-Particle is an Open Source software which implements DEM for the numerical 

modeling of granular particles. ESyS-Particle has been utilised to simulate 

earthquake nucleation, comminution in shear cells, silo flow, rock fragmentation, and 

fault gouge evolution. The origin of the software can be traced back to the SDEC 

software developed by Prof. Frederic Donze in the early 1990s at the IGP, Paris, 
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France. A fore-runner code to ESyS-Particle, the Lattice Solid Model (LSM) was 

released as LSMEarth software. ESyS-Particle has been developed in-house within 

the Earth Systems Science Computational Centre (ESSCC) at the University of 

Queensland, Australia since 1994. After the funding of Australian Computational 

Earth Systems Simulator (ACcESS) Major National Research Facility and various 

implementations by many contributors, the latest version of ESyS-Particle v2.0 via 

Launchpad, was released in August 2009. More information about the development 

of the software can be found in (Weatherley Dion, 2008a) and (Weatherley Dion, 

2009a). 

3.2.1 ESyS features 

ESyS particle allows the user to perform parallel simulations via implementing the 

Message Passing Interface (MPI) to divide the spatial domain in parts where the C++ 

basic code is solved. This feature offers the opportunity of large simulations on 

parallel supercomputers, clusters or multi-core personal computers running a Linux-

based operating systems. The code runs after an execution command in Linux 

terminator which calls the basic script written in Python. The Python wrapper 

Application Programming Interface (API) allows the modeling of DEM interactions 

and definitions of parameters in one basic and short script which interacts with the 

basic C++ code.  The interface provides flexibility and simplicity in the designing of 

the simulation, in a short and organized way, avoiding the direct contact of the user 

with the huge basic code. In addition, Python is a useful programming language, 

object oriented and can “boost” libraries from other existing programming languages. 

A scriptable interactive visualization of the simulation by the use of POVray and VTK 

visualization tools for rendering simulation data and debugging purposes is offered to 

the user (http://www.povray.org and http://www.vtk.org). Except from the basic 

features and modeling of DEM, ESyS particle software provides its users with as a 

step-by-step tutorial on the basic principles and usage of the ESyS-Particle software 

and via launchpad.net a open forum for supporting the software‟s development. 

ESyS documentation can be found in (Weatherley Dion, 2008b). As various 

information about the software is provided by launchpad, we will refer to the number 

of the posted question or faq as reference.   

 

ESyS offers the possibility of implementing and modeling different kinds of the 

geometry based on spheres. The basic code offers the opportunity of implementing 

https://launchpad.net/esys-particle/
http://www.povray.org/
http://www.vtk.org/
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spheres or assemblies of bonded spheres. The bonded spheres in the basic code 

can be generated by four methods, the SimpleBlock, the CubicBlock, The Hexablog 

and RandomPacker (Weatherley Dion, 2009b). Each of these methods introduces 

different kind of packing for the block of bonded particles and the bonds between 

them can be formed by code fragment. Another way of generating block of particles 

for arbitrary shapes is by using the Lsm.GenGeo library of ESyS. This library fills the 

required geometry with spheres in a user-defined range and bonds them together. By 

running the Lsm.GenGeo script, a text file with the format .geo is created and the 

user has only to write some lines of code in the basic python script in order to insert 

it. The scriptable setup of the geometry inserted in the simulation is proved to be 

another useful feature of ESyS. In this point, the limitation of the porosity of this 

blocks or assemblies of particles should be pointed out. 

 

The type of spherical particles existing in the software is rotational and non-rotational 

spheres. The non-rotational spheres do not have any rotational degrees of freedom 

while the rotational spheres can change orientation according to applied moments 

(Epydoc 3.0.1, 2009). For the two types of spheres and for bonded or not particles, 

different interactions can be applied in the simulation according to non-rotational and 

rotational dynamics. Gravity and damping forces can be implemented in the code for 

the two kinds of spheres, bonded or unbonded. Moreover, linear elastic repulsion as 

well as frictional interactions can be applied to both types. The bonded interactions 

for non-rotational spheres account only for the compression/tension or normal forces 

while the rotational spheres have a more sophisticated model which implements 

additional shear, torsion and bending forces. Interactions with the walls can also be 

implemented depending on the type of wall boundary used. The theoretical basis of 

these interactions lays on the following publications (Cundall, Strack 1979, Mora, 

Place 1994, Place, Mora 1999). More information about interactions can be found in 

the documentation (Weatherley Dion, 2008b), in the above mentioned sources and in 

the source code. Figure 23 presents the interactions available in ESyS-particle 

software.  
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Interactions for the two types of spheres 

 

 

 

Bonded Interactions for rotational 

spheres 

For the boundary modeling of the simulation, three types of walls can be 

implemented, the planar walls, the linear 2D meshed walls and triangular meshed 

walls for 3D simulations. The planar walls can be directly implemented in the basic 

script code through ESyS while for the generation of a mesh on the wall surfaces 

external CAD packages are suggested. For the creation of a meshed wall, ESyS 

suggest the use of gmsh, an Open Source mesh generation software 

(http://www.geuz.org/gmsh/) and (Weatherley Dion, 2009d). The file which contains 

the generated mesh is converted to an .lsm format and loaded on the basic script by 

a code fragment. The interactions with the walls vary according to the type of the wall 

inserted. As there is no interaction for frictional effects when the particle is in contact 

with the wall, in the ESyS-particle tutorial there are two ways of including these 

interactions to the simulation. The first is to build a wall from particles also suggested 

(Pöschel T., Schwager T. 2005) or to bond some particles on the wall during the 

simulation.  

 

The basic script starts as every program by importing the necessary commands that 

link the script with the libraries of the language. Classes and subclasses needed for 

the simulation are loaded by these modules. Python is an object based language, 

thus it requires the definition-creation of the simulation object. The number of MPI 

Figure 24: Overview of the available interaction In ESyS particle (Abe Steffen, 2009) 

http://www.geuz.org/gmsh/
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processes (serial or multi-processing simulations) and the division of the domain 

amongst the worker processes is required at this step. Definition of the type of 

sphere used and the algorithm for the dictation of contact points and frequency of 

updating the contact lists are also specified in the simulation object. Following the 

instantiation of the simulation object, the particles, the spatial domain and the wall 

boundaries have to be initialized and inserted on the basic script. The body forces 

and the interactions between particle-to-particle and particle-to-wall are defined in the 

next step according to the kind of simulation. The time step increment and the 

maximum number of time steps are specified as well as the method for the output 

data during the simulation. After the completion of the set up, the script is ready to 

run from the terminal of the operating system. 

 

 

The methods from exporting data in ESyS particle can be summarized in text format 

files or in pictures via the visualization packages POVray or VTK. The kind of data 

that the user wants to export can be selected. A group of modules called FieldSavers 

provides a mechanism for the selectively output data of the simulation which can be 

post-processed easily. 
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Figure 25: ESyS-Particle simulation set up scheme 
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3.3 Simulations in ESyS 

The simulations performed with ESyS-Particle within the work of this thesis, contain 

simulations with spheres representing the catalytic particles of fixed bed reactor and 

bonded spheres representing cylindrical catalysts. The type of spheres used was non 

rotational sphere for both kinds of simulations. The initial parameter of the reactor 

was a particle to tube ratio of N=6 , where the dimensions of the reactor are a 

diameter of 60mm and height of 300mm and the catalyst‟s diameter for sphere or 

cylinder is d=10mm, and the height for cylindrical particles is 15mm.  

 

For the representation of the falling particles in the tube, a time subroutine was used 

in order to insert the particles at different time steps into the tube. The script code for 

every case and simulation is described in the following sub-chapters. The input data 

for the simulation, except from the modeling of the particles interactions and physical 

laws, require the implementation of walls and the creation and load to the simulation 

of the particles. For the simulations with spheres, the creation and initialization of the 

inserted particles was done in the basic script of ESyS simulation. However, for the 

bonded spheres, representing cylinders, the creation of the spheres was done with 

external packages. Lsm.GenGeo is an external code-library of ESyS that allows 

sphere‟s packing in arbitrary shapes. Lsm.GenGeo runs separately from the main 

script, rendering text output files with the format .geo. These files contain all the basic 

information that ESyS requires to insert particles in the simulation. Although 

Lsm.GenGeo is a very helpful tool, it contains a lot of random parameters with the 

basic drawback to be the random definition of the spheres‟ identification number (id). 

The sphere‟s id in a packed geometrical shape plays an important role for the later 

algorithm used in order to create the geometry in Gambit automatically. Two basic 

spheres in the packing define the vector of the cylindrical particle and if these 

spheres do not have a certain id and relative position, then it is not possible to define 

the boundaries and the position of this packing-cylinder. Hence, for the creation of 

bonded spheres representing cylindrical particles, the format of the .geo file 

(Weatherley Dion, 2009c) was used but it was created from a pre-processor self-

made code in Python. The number of particles    inserted was defined proportionally 

to the fixed bed‟s porosity    according to equation 16. The porosity of the packing in 

DEM is a controversial theme and comparisons with experiments and with the 

expected porosity is necessary. 

  
        

         
       

                      Equation 17 
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where          is the volume of the reactor,           is the volume of the simulated 

particles and    is the porosity of the reactor. For the simulations performed the value 

of the porosity was determined to be equal to 0.4. 

 

For the implementation of the reactor‟s geometry in the DEM simulation, three 

different kinds of triangle meshes were created in gmsh meshing software according 

to the procedure described in (Weatherley Dion, 2009d). The three different meshes 

represented the cylindrical surface of the reactor and varied from a coarse mesh to 

more refined. A case study was also made for the choice of mesh to be created. The 

file from gmsh with the format .mesh was converted via a python script provided in 

(Weatherley Dion, 2009d) to the file with format .lsm and was imported to the basic 

simulation script. A floor plane wall was inserted directly in the basic code as well as 

a top wall to prevent the colliding particles to leave the spatial simulated domain of 

the reactor. The geometry was designed in millimeters units. More information about 

the created files and the code used can be found in Appendix. 

 

The types of interactions used in the simulations performed, include gravity, non 

rotational elastic repulsion and friction for the non bonded spheres and non rotational 

elastic bonds for the tension or compression between the bonded packed spheres. 

The code used in ESyS for these interactions is included in Appendix I. The damping 

forces were not included in the final scripts. The reason for this, was that certain 

problems occurred after the insertion of the damping parameter and the solution did 

not remain stable. The simulation without damping is not realistic but for the purpose 

of the use of DEM in this study, it can be excluded. The particles without damping 

collide continuously but as the time increases more particles are inserted in the 

simulation and packed so they force the first one inserted to calm and stabilize.  

 

The time step increment and range played an important role for the simulations 

performed.  Only for the simulation of catalyst spheres, 972 spheres were inserted in 

the simulation to follow the porosity terms. This amount of spheres requires more 

effort for the detection of the contact points between them, thus the contact time is 

artificially increased and many particles seem to overlap. A higher stiffness value for 

a more hard approach of the contact requires smaller time steps. During the 

simulations performed, variations of elastic stiffness values and time steps in a wide 

range were implemented to deduce the optimal case. By keeping the time step 

increment constant and increasing the elastic stiffness, particles seemed to 

disappear from the domain while by the opposite way, the particles were not even 
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inserted to the simulation. Suggestions about the interaction of elastic stiffness with 

the time increment for ESyS simulations can be found in (Weatherley Dion, 2009e) 

by the contributor Dr. Weatherley Dion where the suggested correlation is given by 

the following equation  

       
         

    
 

  

    Equation 18 

where     the time increment ,   the mass of the smallest particle and K the largest 

elastic stiffness used in the model. Other suggestions by users can be found in 

(Peinado Martin Diego, 2009). 

 

The mathematical implementation of ESyS-Particle is non dimensional and the 

definition of the units depends on the user‟s requirements. The modeling units in the 

simulations were mm as the mesh was designed in mm and very small values of 

particles‟ radius were not acceptable when the basic set up was performed. 

Suggestions about the units can be found in (Weatherley Dion, 2009e). 

 

After the experience gained with ESyS simulations for the initial values of the various 

elastic stiffness factors, the increment of time step and units, some basic 

considerations can be made.  The units should be determined according to the 

simulation requirements and mathematical modeling of the application. After the 

determination of the units, step by step simple simulations should be performed 

starting with one sphere. From the one sphere simulation, the initial value of the 

wall‟s elastic stiffness can be defined according to the suggested equation in 

(Weatherley Dion, 2009e)  and (Weatherley Dion, 2009b): 

      
   

         Equation 19 

From this initial value, the time step can be corrected according to equation 18. A 

simulation with only two spheres will then define the initial value of the interactions for 

unbonded spheres and the time step be corrected again if necessary. Furthermore, a 

simulation with bonded spheres can be performed in order to define the elastic 

stiffness of the bonds according to their overlap factor. The results showed, that the 

initial values of elastic stiffness for bonded and unbonded particles are approximately 

of the same scale. The time increment can be corrected again, if necessary, and 

frictional effects can be implemented afterwards. These suggestions are made for the 

specific type of modeling interactions used in the present thesis and account for the 

initial values for the set up. These values can change completely, if more particles 

are inserted and all the models are used. It is also necessary to point out the lack of 
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the damping factor in the suggested procedure. The initial values for the set up 

performed in this work contained the damping forces but due to stability reasons, 

they were omitted in the final script. 

 

The methods used for the output data of the simulations were the POVray 

visualization package and a module called CheckPointer, which belongs to the 

FieldSavers modules. For every simulation, different time steps were used for 

rendering images and zoom factors were modified in the runnable script of 

POVsnaps provided in (Weatherley Dion, 2009b). VTK is recommended for large 

simulations. The CheckPointer module saves certain data in specified time steps in a 

text format. Two kinds of text files are generated in the specified time step.  The text 

file with the format timestep_1.txt contains information about the current position, the 

radius, the id, the mass, the velocity, the acting force of the particle in the current 

time step as well as values of these parameters for the previous time step, the 

meshed walls properties and the bonded particles. The user can specify the desired 

time steps at which the data will be exported in these txt files. The series of the data 

exported plays an important role for the post processing codes created for the work 

presented in this thesis. 

3.3.1 Simulations with Spheres in ESyS 

For the simulations with spheres, the radius of the sphere was defined to be equal to 

5mm in order to retain the tube to particle ratio N=6. The number of spheres that 

would enter the tube was given by the equation 17 for the porosity       

  
        

         
       

    

 
     

                   

where   is the reactor‟s radius        ,   the reactor‟s height        ,   the 

particle‟s radius      . 

 

All the particles had the same radius and the search algorithm for the contact points 

was defined according to that. The spatial domain was defined to be a cube with the 

following dimensions (-30,-30,0)†(30,30,310). The particle‟s were created and 

initialized in the basic script of ESyS simulation. The particles‟ mass was defined to 

be equal to 1 and they were given an initial velocity of 1000 mm/s in the negative z 

direction of the reactor in order to accelerate the fall of the particle‟s as the small time 

step would give a very slow fall. The walls consisted of one meshed wall for the 



 3 Geometry Generation  

  53 

cylindrical surface and two plane walls for the top and bottom of the reactor. The 

gravity was set to 9810 mm/s2 and no damping effects were included in the full 

simulation. The interactions with the wall were defined to be NRotElastic for plane or 

meshed walls and the value of elastic stiffness was obtained according to the above 

described procedure and to equation 18. In the simulation with spheres, no bonded 

particles were needed. Elastic repulsion and frictional resistance between touching 

spheres were modeled by the NRotFrictionPrms where the final values of the normal 

and shear elastic stiffness was 107 and 105 equivalently and the friction coefficient 

was 0.7. These values of elastic stiffness in the wall to particle and particle to particle 

interactions allow the filling of the tube with all the 972 particles inserted for a time 

step increment of 0.0001 s. Lower values lead to the loss of some particles while 

higher values require a smaller increment. 

 

The particles were inserted in random positions on the top of the tube. Every 100 

time steps a new particle was inserted and after 300,000 time steps the results 

showed an approximate quasi static solution. As the simulation reached the end the 

particles first inserted seemed to have an almost stable position while the last 

inserted on the top of the tube were still moving due to the lack of damping. The 

duration of the simulations varied according to the time step increment, the values of 

the elastic stiffness, the insertion or not of the damping forces and the refinement of 

the meshed wall. Figure 25 presents the results of the mesh case study for the 

simulations with spheres. In simulations with coarse mesh, the particles are packed 

in way that the only contact with the wall is observed in the quaternary points of the 

cylindrical surface.  

 

 

    Coarse Medium  Dense 

 

   

   

 

Figure 26: The three different kinds of meshes used in ESyS and the results after the 
simulations with spheres 
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The dense mesh provides a very good contact with the walls but the spheres are 

extended even for a small portion out of the reactor‟s wall boundaries. The elastic 

stiffness of the wall also influenced the number of the particles that exceeded the wall 

boundaries and for the three meshes it was kept stable. The duration of the 

simulation plays a very important role to the choice of the mesh. The simulations 

were performed in a Workstation with an Intel processor of 3.0GHz and 2.5GB 

memory. For the coarse mesh the simulations lasted for 24 minutes, for the medium 

mesh lasted for 40 min and for the dense mesh lasted for 120 minutes. After the 

conclusions of the mesh case study, the medium mesh was chosen and considered 

to be adequate for the simulation requirements. In ESyS-Particle, there is a bug for 

meshed walls, which reported from many users and observed on the simulations 

performed. This bug is the cause of hanging spheres, that means that some particles 

are attached on the walls and retain a stable position at the point where they touch 

the wall. The script used for the simulations with spheres is provided in Apendix . 

Figure 26 presents the results obtained from the simulation. 

 

     

 

After the results obtained with 972 particles, a second script with spheres was written 

and run in ESyS-Particle. The purpose of the second simulations was to overcome 

the overlap between the particles and to give more exact results. For these reasons 

several simulations were performed where the particles inserted in the reactor in 

groups. Every scenario used the coarse mesh and the damping forces. The particles 

of every group were inserted in different time steps ranging from 100 to 200. After 

200.000 time steps, the particles had a stable position. The results of the particles 

positions where inserted as input data to the next simulation where they were set as 

non dynamic particles. That means that they behaved like a stable wall where the 

next group of particles was crashing on. As less particles were inserted in every 

simulation the algorithm with the same time increment and elastic stiffness predicted 

better the particles positions. A smaller overlap was obtained with this method, the 

maximum value of which was 0.033. Although, with this method, the porosity ratio 

Figure 27 : The full DEM simulation with 972 particles 
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changed as 775 particles were finally inserted. This fact is justified by the non 

dynamic behavior of the lower layers of particles as their position was held stable 

when another particle crashed on them. This script will be referenced as less 

spheres. Figure 27 presents the results of the full simulation in different time steps. 

The images were rendered with POVray. 

 

       

 

In both simulations performed with ESyS-Particle problems occurred with hanging 

spheres on the meshed wall. This bug can also contribute to the overlaps observed 

on the results of all simulations performed. For the script of less spheres, the hanging 

spheres were detected easily and the simulations run repetitively until there was no 

sphere attached on the wall. When hanging spheres occurred, they were omitted 

from the input file of the next simulation and fall again in the reactor. Moreover, the 

coarse mesh was chosen for the simulations as it was observed that less spheres 

where attached to the meshed wall surface than to the one with denser mesh. 

3.3.2 Simulations with Cylinders in ESyS 

 Two spheres representing one cylinder 

As mentioned before for the bonded particles, the spheres were inserted in the 

spatial domain in files with the format .geo. These files were generated by a code 

created in python language and contained the necessary data for the ESyS-Particle 

code simulation.  The code for the two particles created particles in random positions 

at the top of the reactor and is presented in the Appendix.  As the spheres had a 

radius of 5mm, the cylinder that they represented had a radius of 5mm and height of 

20mm. The number of the particles inserted was calculated according to equation 16 

for the porosity      : 

  
        

         
       

    

    
                            

Figure 28: The “less spheres” simulations 
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where   is the reactor‟s radius        ,   the reactor‟s height        ,   the 

particle‟s radius       and   the height of the particle       . 

 

All the particles had the same radius and the spatial domain was defined to be a 

cube with the following dimensions (-30,-30,0)†(30,30,310). The particle‟s information 

was stored in the files created by the python code and a read file command in the 

main script inserted them in the simulation at different time steps. The particles‟ mass 

was defined to be equal to 1 and they were given an initial velocity of 1000 mm/s in 

the negative z direction of the reactor as described for the spherical particles before. 

The walls, the wall interactions, the gravity and the interactions between unbonded 

particles was defined exactly as the in the script for spheres. The bonded interactions 

were modeled by the NrotBondPrms where the elastic stiffness of the bonds was 

equal to 107 and the break distance equal to 500. An increment of 0.00001s for 

300,000 time steps was determined to be adequate for the simulation. The best value 

for the bonded elastic stiffness was proven to be equal to 109 but as more particles 

were inserted in the simulation as well as the interactions with unbonded particles, 

this value decreased resulting in an increased overlap between the particles. 

 

Different scripts were run for the bonded particles in order to take into consideration 

the effects of damping forces. The effect of damping as mentioned in the basics of 

DEM is omitted when sliding occurs. The number of the time steps passed after the 

next pair of spheres is inserted in the simulation plays a very important role. If the 

particles are inserted at every 100 time steps, they collide intensively with other 

particles and they crash quickly on the floor when damping is omitted. In this case, if 

the damping forces are included, they decrease the velocity of the particles. If the 

particles are inserted every 5,000 time steps (the overall number of time steps 

increases also) then the inclusion of the damping forces simulates the air resistance 

as the particle falls on particles that have reached already an approximate 

composure. In the final simulations the damping forces were included and the 

particles were inserted every 10,000 time steps. 

 

The number of time steps passed after the next pair of spheres is inserted in the 

simulation influences also the packing of the spheres. When the particles have time 

to reach composure, then the packing is denser compared to when they are colliding 

intensively. The porosity obtained from the simulations is different from the one 

calculated due to the bonds of the two spheres. In general, it is preferable to 

represent the cylinder with more spheres. 
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 Three spheres representing one cylinder 

A code for three particles representing one cylinder was made. The simulations 

showed that the three bonded spheres do not have stable contact points, hence the 

particles kept in contact but their centers did not belong in one vector-line. The 

applied bonded interaction forces are only in the normal direction for bonded particles 

and the bonded spheres could rotate during the movement.  

 

 More spheres representing one cylinder 

If more spheres are used for the representation of one cylinder, the contact points 

between the cylindrical particles can be predicted more accurately as more spheres 

are used for the representation of the boundaries of the cylindrical surfaces. Lsm 

GenGeo is used for filling cylindrical and other shapes with spheres but as mentioned 

before it can be used for due to the random particles‟ id. An effort to generate by 

hand a cylinder filled with spheres was made using AutoCAD 2006 software as 

shown in Figure 28. The cylindrical particle had the exact dimensions requested 

(diameter of 10mm and height of 15mm) and the spheres were packed in it. A 

minimum number of spheres and sizes was tried to be achieved with this packing in 

order to avoid additional needed computational time, power and to retain stability of 

the simulation. Three large particles with certain ids define the vector of the cylinder 

that would be used in the C code. The simulations performed with this geometry 

showed that this geometry is deformed when the spheres crash on the floor. This fact 

relies on the different forces applied on the spheres which have not the same shape 

and mass. Additionally, the bonds seem to break because neighboring spheres are 

not touching each other, thus the bonds created for shapes with packed spheres 

should only contain touching particles. Moreover, the mass of the particles is different 

as it is calculated with a default density and proportionally to the radii of the particles 

resulting in different forces applied on the particles. If the different densities are set in 

order to obtain the same mass of the particles then a cylinder comprised of granules 

of different materials is modeled. 

 

  

Figure 29: More spheres representing on cylinder .The geometry and the results of the 
simulation 
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3.4 Codes for creating the journal file  

Gambit exports three kinds of data files in order to store the session operations 

performed for the geometry and mesh generation: The binary file with the format 

.dbs, the text file with the format .trn and the text file with the format .jou. The text file 

with the jou format, named as journal file, contains a sequential list of geometry, 

mesh, boundary zones and tools commands that have been executed during the 

session. Gambit offers the opportunity with the journal file to run the same script and 

commands as performed during the session.  

 

Having copied the necessary commands that Gambit uses to generate the geometry 

of a fixed bed catalyst, different codes in C language were generated in order to 

create the journal file and store in it the session operations. The code is used for the 

connection between DEM results and the designing software Gambit. By obtaining 

the DEM final data and running the codes in C, the journal file is automatically 

created and by running the journal file the geometry is automatically created. The 

procedure is represented in Figure 29. 

 

Different codes were generated according to the simulation of spheres or cylinders 

and for different scenarios and meshing techniques. At this point the basic outline of 

the generated codes will be presented. 

 

 The data text file obtained from ESyS particle contained the number of spheres at 

the first line and the following information about the particles in the in exact serial 

order presented here for 22 columns. 

insert

Code for 
creating  
particles  
in ESyS

Results
EsyS main 

script 
jou fileCode in C mesh

Gambit 
geometry 

generation 

Figure 30: Outline of the automatically generated geometry of a fixed bed catalyst 
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Current 

Position 

x y z 

Radius Id tag mass Initial 

position 

x y z 

Previous 

position 

x y z 

Velocity 

 

x y z 

Net acting 

Force  

x y z 

The file created by the Checkpointer module, contained also information about the 

walls inserted in the simulation as well as the bonded particles that were neglected in 

the post processing procedure. The data were not stored in rows according to the 

time inserted in the simulation, to the bonds created or to their id. In the case of the 

bonded particles, it is important to obtain the data of the pair or group of bonded 

spheres and to know exactly which of them were bonded.  

 

The code created in C language reads line by line the text output file from ESyS-

Particle. The first line when read, stores the number of spheres simulated to the 

variable spheres and the information table is stored line by line to one array. 

Afterwards the array is sorted according to the id of the particles by a sort loop. 

Moreover the journal file is created and opened for writing the necessary commands. 

The journal file was a standard format for the header and then the commands for the 

necessary session operations follow. These commands were copied from Gambit 

while performing by hand the geometry generation. The commands and their specific 

form can be found in the Appendix where the codes are presented or either at the 

output file of the codes, the journal file, and hence no further reference will be made 

for this matter. As mentioned before different techniques were used to create the 

geometry. The basic outline of the code is presented in Figure 30. 

 

The  two strategies followed for the set up of a simulation for a fixed bed can be 

summarized to those who model the volume of the particle (scenario A) and to those 

who neglect the volume and model only the surface (scenario B). Either if the “near-

miss” model is used or any other solution technique the decision of whether the 

Insert C libraries
Read, sort  and 

store data to array
Create jou file with 

basic format
Commands for 
basic geometry

Commands for 
creating basic 

volumes

Commands for 
copying  basic 

volumes to specific 
position

Commands for 
subtracting  

volumes from 
reactor

Commands for 
deleting  basic 

volumes

Figure 31: Basic outline of the created code in C for the automatically generated geometry 
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whole particles volume will be simulated or not is crucial for the geometry generation 

and mesh creation. Different parameters and models can be applied in the CFD 

simulations if the particles‟ meshed volumes with solid material properties are 

included or only the particles‟ surface on which the fluid is flowing. 

 

The contact treatment plays also an important role for the mesh generation. The 

particle to particle and particle to wall contact, if included, needs many considerations 

and implementations in the code and in Gambit. Figure 31 presents the highly 

skewed elements that occur with the particle to particle contact for one small part of 

the reactor. 

 

Figure 32: Highly skewed elements due to the particle to particle contact 

3.4.1  Techniques for particle to particle contact 

From the final output file of ESyS-Particle, some spheres inevitably overlap while 

some others may have one contact point or no contact point at all. In order to avoid 

the highly skewed cells except from the “near-miss” model, an alternative technique 

is suggested in this thesis. The approximation of contact points with smaller volumes 

than the basic particles. These smaller volumes can be spherical as the shape of 

sphere presents a smooth surface that prevents the creation of sharp edges. 

 

For the application of this alternative strategy, a case study in Gambit has proven 

that it can be feasible. A solid volume accounting for one contact point could present 

completely different flow profiles and influence a lot the pressure drop, hence careful 

and extensive examination of the effects caused in the flow regime should be made. 

For the geometry generation of spheres an analytical case study is provided. The 

results from the DEM simulation reveal that 2372 spheres have a smaller distance 

than the distance of their radius. This overlap can be omitted by reducing the spheres 

radius proportional to the maximum overlap but this action would result in no contact 
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points or one or two contact points in the overall reactor‟s volume. This 

approximation is the same as used in the “near miss model”, hence it will be called 

“near-miss” model (technique1). The factor of shrinkage is based on the user‟s 

requirements if it is desirable or not to have overlaps and also on the mesh and 

computational requirements. Different cases should also be examined and the effect 

of the generated mesh in the flow regime. The representation of overlaps, of the one 

contact point and the replacement of a small gap between two spheres by one 

sphere is the second technique that will be used in present thesis (technique 2). 

 

Some basic conclusions for the technique 2 will be presented at this point. When a 

volume is subtracted, united or split from another volume in Gambit dublicate 

volumes, faces or edges may occur. A Cleanup tool is used in Gambit to identify the 

identical entities that are located at the exact same position by a tolerance criterion. 

The options provided are the virtual connect and the delete of these entities. Since 

the presence of virtual entities is not desirable, special treatment should be made to 

the creation of the geometry. After the case study for two spheres that overlapped , 

had one exact point and a relatively small gap between them, the results showed that 

the sphere volume should be inserted only for spheres that had distance equal or 

larger than the distance defined by the sum of their radii. Only for this case the 

geometry did not present virtual edges and could be meshable. The definition of the 

sphere‟s radius plays also an important role. There is a critical radius from which 

virtual edges occur in the geometry if the sphere is subtracted from the basic 

particles or from the reactor‟s volume. For the catalytic particles simulated with radius 

equal to 5mm, the critical radius of the model sphere that met these criteria was 

equal to 1mm for the minimum distance applied (the one contact point). To avoid the 

generation of high skewed elements this model sphere could be applied to the small 

gap created between two spheres. As the small gap increases, the permitted limits of 

the model sphere‟s radius decrease. For example for a gap of 0.1mm the critical 

radius is 0.8mm. The range of the small gap that will be represented by one sphere 

should also be examined according to the same criteria. A smaller radius of the 

model sphere is desirable as less solid volume in the flow path would have less 

influence in the flow profile. Figure 32 presents the result of the case study for the 

application of the model sphere. 
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For the contact between cylindrical particles, a case study which is provided in the 

Appendix has proven that the model sphere‟s technique can obliterated the highly 

skewed elements at the contact points. As shown in Figure 32, different positions 

between the cylinders were studied. When the cylinders have one contact point in 

their cylindrical surface, the model sphere has a critical radius over 1mm. This 

condition applies for the best case of 45° degrees angle as well as for the worst case 

of 5° independently of the height that the contact point lays on.  The model sphere 

should be subtracted from the two cylinders and retained. This is crucial for the mesh 

generation as if the opposite is chosen the resulting model sphere volume is too 

small for meshing and virtual entities occur. For cylinders, which have contact in the 

longitudinal direction, an artificial overlap can be created in order to avoid the highly 

skewed elements. The particles in this position can be either united or subtracted 

before subtracting from the reactor. In the case where two particles have common 

circular faces, no meshing problem occurs. In any other case than those presented at 

this point, the particles in touch should be united before the final subtract from the 

reactor. 

 

 

 

Figure 33: Results from the case study for the spheres technique 2 
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The model sphere technique was not applied for the cylinders as the geometry 

obtained from the DEM simulations contained particles which overlapped with each 

other. Although the case study showed that a mesh can be created with no highly 

skewed elements. 

3.4.2 Techniques for particle to wall contact 

The wall treatment for avoiding virtual faces and edges was also based on model 

spherical particles. A case study for the contact with the wall was made as shown in 

Figure 34. The DEM results also presented spheres that were outside the wall 

boundaries as well as spheres that contact the wall or have small gaps. With the 

code that generates the jou file, the user is able to change the wall boundaries 

according to the wall treatment. Precisely the wall‟s radius can vary, in small ranges, 

according to the spheres included in the wall boundaries. Particles that have one 

contact point with the wall present many highly skewed elements. In order to 

overcome the problem, model spheres were used to simulate the contact. The critical 

radius of the model spheres was found to equal to 1.5mm in order to avoid virtual 

entities and to generate a mesh free of highly skewed elements. The critical distance-

gap between the basic particle and the wall for which the model spheres are needed, 

was found to be equal to 0.11mm. For larger gaps no highly elements occurred and  

there was no need for model spheres.  

 

Figure 34: Results from the case study for cylinders technique 2 
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Independently of the scenario A or B, the model sphere had to subtracted in a certain 

way in order to meet the requirements of good mesh quality as shown in the Figure 

35. If the basic sphere was subtracted from the volume of model sphere, then highly 

skewed elements still occurred. The procedure followed is summarized in the 

following steps: 

 Find the basic spheres that have a gap between the wall and their radius in 

range of 0 until 0.11mm 

 Create a model sphere, the centre of which will be located on the half of this 

distance. 

 Split (with the wall‟s face) the model sphere in two parts and delete the one 

that is out of the wall boundaries. 

 Subtract the half model sphere from the basic particle 

 Create a face from the generated edge and split, with this face, the half 

sphere model in two parts as shown in the last picture of Figure 35. 

The last step allows different modelling of these two volumes. Volume 2 as shown in 

the Figure 35 will be defined as solid and have all the properties like the basic 

particle while Volume 1 can be defined as solid or fluid according to the user‟s 

requirements. If the last step is omitted then the wall sphere should be defined all as 

solid according to the second picture in Figure 35. The procedure is included in the 

code created and the model spheres for the wall contact are automatically inserted. 

Special attention should be given to the number of volumes, faces and edges created 

in every case that the code is applied in order not to obtain any errors in Gambit.  

 

 

Figure 35: Results from the case for wall treatment 
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Figure 36: Model sphere for walls 
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4 Results  

The meshes and codes used to generate the geometry with catalytic spheres and 

cylinders and the results from every scenario and method technique will be 

presented here. The exact codes can be found in the Appendix as only the 

conclusions from the simulations will be analyzed. 

 

4.1 Geometry generation with catalytic spheres 

The results obtained from the DEM simulations for spheres can be found in 

Appendix. Three different techniques with both the two scenarios were used for the 

geometry generation of the fixed bed reactor with spherical catalysts.  

4.1.1 Mesh1: Overlapping spheres 

The results as obtained from the DEM simulation contained spheres that overlapped 

in their contact points. The geometry generated with the code Mesh1Overlapping and 

the jou file created, presents the exact results without any modification in the spheres 

radii. The contact with the wall is simulated by the insertion of one model sphere of 

1.5 mm radius. With the reactor‟s radius equal to 30mm as designed in the gsmh 

software, the particle spheres were located out of the wall boundaries, so the 

reactor‟s radius was modified to 30.5 influencing also the N ratio. If the simulation 

runs with some of the spheres to exceed the reactor‟s boundaries small circular 

surfaces occur in the reactor‟s geometry resulting on unrealistic geometry in one 

point and creating mesh problems on the other. For this reason the reactor‟s radius 

was slightly increased to obtain all the particles within the wall boundaries. The 

division of the reactor‟s volume in smaller parts is necessary for meshing the volume 

and for the periodic boundaries for the full simulation of the reactor. The geometry 

constructed reveals that many highly skewed elements occur at the location where 

the division occurs. Another problem with the overlapping spheres is that some of the 

spheres have a very small overlap, which leads to the creation of small circular 

surfaces on the surface of one of the particles in contact. The small circular surfaces 

and edges cannot be meshed as the number of nodes created on the small edge is 

too small, thus a surface mesh and following a volume mesh cannot be created also. 

For larger edges, the mesh can be created but many highly skewed elements occur. 

In both the two scenarios used, the spheres in contact have to be subtracted from 
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each other (this is not necessary in scenario B) and then from the reactor‟s volume. 

This fact reveals that independently of simulating the particles volumes or not, small 

edges will occur and a mesh cannot be obtained for such geometry. Moreover these 

edges create virtual faces for the scenario A where the volumes are retained. A mesh 

with these considerations is not able to be created for the scenario A or B. If the user 

would accept the overlap as realistic then the technique of model spheres could be 

used only for the scenario B. In this way larger edges and surfaces would occur while 

the simulation would impose an additional small artificial solid volume between the 

particles. Figure 36 presents the results from the geometry and the mesh generation 

in Gambit for the meshing technique of overlapping spheres. 

 

   

4.1.2 Mesh2: “Radius Reduced” model 

In this case study, the radius of the sphere was reduced according to the maximum 

overlap occurred. The spheres did not have contact anymore. This study can be 

similar to the “near-miss” model used with the difference that the spheres did not 

have the same constant gap between them because the same factor of shrinkage 

was applied to every sphere but their overlap was different in every contact case. 

This study can be also similar to (Jafari et al. 2008) where the spheres did not have 

contact at all. 

 

The radius of the basic particle was modified to be equal to 4.64mm. For the scenario 

A, no virtual entities occurred and the geometry was able to be meshed. The 

geometry of the reactor was divided in parts of 100mm. Only for the void volume 

2,611,413 cells were created with an interval size of 1. Among them, there were 7 

elements that exceeded the skewness of 0.97 EquiAngle. These highly skewed 

elements occurred on the surfaces where a small gap was introduced as the factor of 

Figure 37 : Geometry and mesh generated for the overlapping spheres technique 
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shrinkage was defined according to the maximum overlap of contacting spheres. If 

the sphere model is introduced to this pair of contacting spheres or the radius is 

slightly more reduced, then no highly skewed elements occur. If an interval size of 2 

is used for the mesh generation then the reactor‟s void meshed volume is composed 

of 463,422 cells among which 8 elements have skewness over 0.97 and occur at top 

circular wall surface of the reactor. If the sphere model is introduced at these wall 

boundaries then no highly skewed elements occur. Figure 37 presents the results 

from the geometry and the mesh generation in Gambit for the meshing technique of 

spheres with reduced radii. 

 

   

4.1.3 Mesh3: Spheres model 

Since the results from the DEM simulation cannot be modified to give only one 

contact point with every sphere, the overlap in the geometry generation is inevitable if 

the radius of the particles is not reduced. In Chapter 3, Figure 22 the critical radius of 

the model sphere implemented was defined to be equal to 1mm and no models 

spheres would be used to “cover” the overlap. In order to avoid the mesh problems 

created by the overlap of the spheres mentioned for Mesh1, a model sphere with 

critical radius 1.5mm was created.  

 

For the spheres that did not overlap and had a gap of 0.1mm between them, a model 

sphere with 1mm radius was inserted between them. This sphere will be defined as 

solid and will result in the artificial addition of a solid volume of 0.623 mm3 in the 

worst case of 0.1mm gap. In the case of overlap, the model sphere of 1.5mm will 

insert a solid volume of 1.59 mm3 between the overlapping spheres, which will be 

continuously decreasing as the overlap increases. The overlapping distance defined 

Figure 38 : Geometry and mesh generated for the radius reduced technique 
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the range where the second model sphere was implemented. The very small edges 

that prevented the mesh generation were found to be for a 0.2mm overlap. As a 

result the second model sphere was implemented for distance between two spheres 

ranging from one point contact until -0.2mm. The artificial volume inserted may add 

more solid volume in the reactor but the fact that less solid volume is simulated due 

to the overlap should be taken into account. For the particles that had larger overlap, 

the technique of subtracting the one volume from the other and then subtracting from 

the reactor was used for the scenario A. For the scenario B that no volumes are 

retained the technique was not necessary and the two particles were directly 

subtracted from the reactor‟s volume. 

 

The results obtained with the model sphere technique present good quality between 

the particle to particle and particle to wall mesh but only for the internal side of one 

reactor‟s part. As no mesh can be created with Gambit for the whole reactor at once, 

the geometry has to be divided in parts. In addition, this division is necessary for the 

partial simulations of the reactor in FLUENT. If the number of cells in the reactor is 

exceeding the computational power and time required then parts of the reactor can 

be simulated and the results from one simulation can be used as input for the next 

one in sequence. The division in model spheres mesh was achieved with a surface 

that split the reactor in two parts. At every position where the reactor was split, the 

geometry resulted in two volumes that had the same surface. As the model spheres 

were inserted in 3D at the contact points of the basic particles, the surface which 

splits the volume, split also the model and basic spheres. This fact resulted in small 

edges and complex local geometry at the division position and many highly skewed 

elements occurred in this area. As the mesh cannot be created for the whole volume 

and for the splitting technique of a plane surface, the model sphere mesh technique 

fails. The results from the geometry and the mesh generation in Gambit for the 

meshing technique of spheres with reduced radius are presented in Figure 38. In the 

first picture the model spheres for simulating the particle‟s contact are shown, while 

in the third the additional volume inserted can be observed. 
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4.1.4 Mesh4: The less spheres script 

 For the less spheres script, the maximum overlap reached the 0.033mm.  The 

technique of overlapping spheres was not used as this small overlap would create 

small edges that could not be meshed as concluded with the first script of the full 

simulation. The “near miss” can now be applied as the radius of the spheres can be 

reduced to 0.5% or 1% as applied in the studies of Nijemeisland and Dixon. The 

“near miss” model was used for spheres or cylinders with specified position with a 

maximum number of 44 particles with periodic segments and with a tube to particle 

ratio equal to 2 or 4.In this work we have 775 spheres of which some overlap. The 

radius of the particle was reduced according to the maximum overlap plus the 1% 

decrease of the near miss model, r=4.9336 mm. The reactor was divided in four parts 

at z=2, z=100 and z=200. The mesh created contained 2,894,520 cells among which 

68 were had a skewness of over 0.97 and the worst element had a skewness of 

0.996728 and was located at the position where the reactor was divided. The model 

sphere technique was also used and high skewed elements occurred again on the 

position were the division took place. As the coarse wall mesh was used in the DEM 

simulations, no spheres were found to exceed the wall boundaries and no contact 

with the wall was observed.  

4.1.5 Mesh5: The periodic segment 

After the simulations performed and the geometries created, it was concluded that 

the highly skewed elements occur on the position where the division of the reactor 

takes place. This fact leads to the idea of simulating only one part of the reactor that 

     Figure 39 : Geometry and mesh generated for the model spheres technique 
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will contain similar surfaces on the top and bottom in order to perform simulations 

with periodic boundaries. 

 

A new script was created in ESyS-Particle named the periodic segment where the 

same mesh and interactions were used. Two layers of spheres were inserted on the 

top and bottom of the reactor. These layers contained the exact same number of 

spheres and their positions with the only difference relying on the height. The first 

layer was created at z=0mm and the centres of the spheres were at z=5mm and the 

second at z=50mm and the centres of spheres at z=55mm. For the 50mm segment 

of the reactor 162 particles was calculated that should be inserted according to the 

equation 17 for the porosity       . As 46 spheres represented the two layers 116 

spheres were let to fall from z=45mm. In order to achieve this porosity and the 

particles to fit in the segment, the drag forces were included and the particles were 

inserted every 5,000 time steps. The overlap was inevitable and had a maximum 

value of 0.215mm. In the C code the radius of the spheres was reduced to 4.9mm 

and the model sphere technique was implemented. The geometry was created 

without any virtual faces or edges. The segment was split with to plane surfaces at 

z=3.5mm and at z=53.5mm. The final void volume of the reactor was 72562.832906 

mm3 and the final porosity was increased to 0.48. The cause of this fact lays on the 

additional inserted volumes of model spheres, although the volume of the basic 

particles was decreased. As less overlap is obtained from the DEM simulations, the 

less volume is inserted with model spheres and no need for the reduction of the 

particles‟ radius occurs. T-grid mesh with 1 size was used to mesh the geometry. For 

the Scenario A where the volumes of the particles are meshed, the mesh contains 

952,852 cells with the worst one to have skewness of 0.938108 and only this element 

was found to have skewness over 0.93. For the Scenario B, the mesh created had 

468,646 elements with the same quality and 0.938108 skewness of the worst 

element. Figure 39 shows the geometry and mesh generation of the periodic 

segment with the model sphere technique. 
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4.2 Geometry generation with catalytic cylinders 

For the DEM simulations for cylinders, two spheres were used to represent one 

cylinder. With this modeling, the contact points are not predicted acurretely. Figure 

40 shows the problems occuring with this modelling. In order to take into account the 

case of touching spheres as shown in Figure 40, the raduis and the height of the 

particle was reduced. The new raduis was given by the equation 19 according to the 

half of the distance of the touching spheres in the cylinders‟ boundaries. The height 

was calculated as before by multiplying four times the sphere‟s raduis. 

 

 
     

    

 
   

 

 
     

 
Equation 20 

 

 

  

By decreasing the raduis of the spheres, many other contact points on the periphery 

and on the circular surfaces between cylinders are lost, thus more spheres should be 

used for the representation of one cylinder. 

4.2.1 Mesh1: Ovelapping cylinders 

The simulations with two spheres representing one cylinder did not gave the 

requested porosity as expected. Less spheres were used to represent 324 cylindrical 

particles than in the simulation with spherical particles of the same porosity and 

raduis. This is also justified by the fact that the bond between the two spheres is not  

applied on one stable contact point, hence allow the one of the bonded spheres to 

roll around the other. 

Figure 40 : Meshed geometry generated for the 50mm segment with no highly skewed 
elements 
 

Figure 41: Representing one cylinder with two spheres and modifications of the geometry 
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The problem of overlapping was also observed in the simulations. The overlap 

occurred both in bonded spheres as well as in touching spheres. Although the raduis 

of the simulated spheres was reduced, the overlap between spheres was larger than 

this reduction. Figure 41 shows the generated geometry and the overlap problems. 

This generated geometry was not able to be meshed as the cylinders, which 

overlapped when they were subtracted  from the reactor, formed small edges and 

surfaces that couls not be meshed. 

 

 

 

  

4.2.2 Mesh2: Periodic segment 

After the full simulation of all the particles and the failure of meshing the geometry 

with overlapping spheres, simulations for a 50mm segment were performed. The 

requested porosity for the segment was not possible to be obtained even with 

sequential simulation as performed with spheres. The reason is again the non stable 

point of applied bonds, so the particles are not acting as solid bonded spheres 

representing one cylinder but as touching spheres falling in the tube and keeping 

contact. Even when the radius was reduced more than the equation 19, the overlap 

between the spheres persisted. In conclusion no mesh generation can be obtained 

with cylinders that overlap. 

Figure 42: Overlapping cylinders and failure of the mesh generation and of the    requested 
porosity 
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4.3 Conclusions and Remarks 

The documentation of the present thesis proves that the discrete method can be 

used for CFD simulations of fixed bed reactors. The geometry of the reactor can 

automatically be designed in the CFD pre-processor software, Gambit. The positions 

of the particles can be predicted by the DEM method and the results can be 

transformed to the journal file of Gambit. Once the journal file is generated, the 

geometry is designed automatically. For the mesh generation, two techniques have 

proven to produce a relatively good mesh quality. The “near-miss” model technique 

firstly applied by Dixon and Nijemeisland and the “sphere model” technique with 

periodic boundaries can provide a good quality mesh for the CFD simulations with 

the discrete method. 

 

With the DEM simulations, the motion of the catalytic particles was predicted from the 

moment they are inserted in the reactor until they reach their final position. The 

parameters of the time step increment, the elastic stiffness of the wall and the 

particles interactions as well as the time at which the particles are inserted in the 

simulation play a major role for the stability of the simulation and the porosity 

obtained. The problem of overlapping spheres occurred in all the simulations as well 

as the problem of hanging spheres on the wall. The minimum overlap was obtained 

with sequential simulations where the simulations were running until the spheres 

reached an approximate composure and inserted as input data of non dynamic 

spheres in the next simulation. The porosity of the reactor changed with this method 

and careful consideration should be taken when used. Additionally, the problem of 

overlap was not diminished, as the spheres overlapped within a distance of 0.033mm 

and a decrease of 0.0165mm had to be made on their radius. The problem of 

hanging spheres on the meshed wall as well as the problem of spheres exceeding 

the wall boundaries was more intense as the mesh of the cylindrical wall surface 

became denser. The mesh density influenced also the time of the simulation. The 

wall with medium mesh was found to be a good compromise for the wall contact and 

computational time and it was chosen for the full simulation of the reactor. In the C 

code the problem of spheres exceeding the wall boundaries was treated by 

increasing the radius of the reactor in 30.5mm and inserting model spheres for the 

wall contact. During the simulations for the periodic segment script, the bug of 

hanging spheres was found to be more intense and the coarse mesh was finally 
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chosen. With the use of the coarse mesh no spheres were found to exceed the wall 

boundaries. The bug problem was overcome by exporting the hanging spheres from 

the obtained data and drop them again in the next simulation. For the DEM 

simulations in ESyS –Particle we can conclude that three parameters influence the 

results obtained and the quality of them: 

1. The overlap problem which is related to time increment, number of particles 

simulated and elastic stiffness of wall to particle and particle to particle 

interactions. 

2. The meshed wall inserted in the simulation that influences the computational 

time and is related also to the bug occurring in ESyS-Particle 

3. The number of the particles inserted in every simulation and the time of 

insertion which influences the packing and the final porosity. 

 

For the geometry and the mesh generation of spherical particles, the technique of the 

“near miss” model and the “sphere” model were proven to give a mesh free of highly 

skewed elements. As in all the DEM simulations, the problem of overlapping spheres 

occurred, the radius of the particles had to be reduced. Although both the two 

techniques provided a good quality mesh and can be applied for the simulation of 

contact points between the spheres. The techniques are more reliable as smaller is 

the overlap between the spheres. The model sphere technique can also be applied 

for small overlapping distances but it cannot be applied at the positions where the 

geometry is divided. Table 4 presents the outlook of the mesh obtained for the 

simulations with spheres. 

 

For the geometry and the mesh generation of cylindrical particles, no mesh was able 

to be obtained because of the overlap of the cylinders. This was caused because the 

bonded interactions applied on the two bonded spheres, which represented one 

cylinder, did not have one stable point. The forces were applied only in the normal 

direction and bonded spheres could rotate during the movement. This fact influenced 

also the porosity obtained as the bonded spheres did not act as a solid cylindrical 

particle. For the same reasons, the representation of three or four spheres failed 

also. The geometry of cylindrical particles can be meshed only when accurate DEM 

results are obtained, thus it is crucial that the cylinders are represented from a large 

number of spheres. The packing of spheres should be carefully chosen. It is 

preferable that a small range of spheres radii is used, for the homogeneity of the 

particles‟ mass and the applied forces. This fact will increase the number of spheres 

used as a more accurate representation requires smaller spheres and hence more 
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spheres. A simulation with more spheres will increase the computational time and will 

also influence the stability of the simulation. In (Bai et al. 2009), an assembly of 1000 

spheres was used to represent the geometry of one cylinder in PFC3D DEM 

software. This number of spheres for only one cylinder is the same as the simulations 

performed for spherical catalytic particles. The type of rotational sphere could be also 

used for the bonded spheres simulations with the condition that the additional 

interactions define stable bonds between the spheres.  In the case study for particle 

to particle contact, which is provided in the Appendix, the mesh generation with the 

“model sphere” technique was more easily implemented on the cylindrical particles 

than on the spherical particles and different mesh sizes were used.  

Script 
Number 

of cells 

Number 

of highly 

skewed 

elements 

Skewness 

of worst 

Element 

Worst 

element 

at the 

contact 

point 

Interval 

Size of 

created 

mesh 

Porosity 

Reduced 

Model B 

 

2,611,413 7 0.999303 Yes 1 0.457 

Reduced 

Model B 

 

463,422 8 0.992768 No 2 0.457 

Reduced 

Model A 

 

5,798,162 7 0.999303 Yes 1 0.457 

Reduced 

Model A 

 

876,453 8 0.992768 No 2 0.457 

Less  

spheres 

script B 

 

2,894,520 68 0.996728 No 1 0.545 

Periodic  

segment A 

 

952,852 0 0.938108 Yes 1 0.48 

Periodic 468,646 0 0.938108 Yes 1 0.48 

  Table 4: Outlook of the mesh generation for catalytic spherical particles in a fixed bed reactor 
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segment B 

In conclusion, the mesh generated with the two techniques has to be compared. 

Especially for the “model sphere” technique, the influence of the additional volume 

inserted cannot be predicted unless CFD simulations are performed and compared to 

the “near-miss” model technique as well as to a mesh that simulates the exact 

contact points only for laminar flows.   As mentioned in Chapter 2, the flow field and 

the turbulence around the catalytic particles play a major role for the prediction of 

heat transfer within the reactor. Thus the effects of the additional spherical surface at 

the contact points should be studied carefully. In Chapter 2, the turbulence and heat 

transfer models used in the existing literature for the discrete method were 

presented. The boundary conditions should be defined according to the application 

and CFD simulations for a fixed bed reactor with spherical catalytic particles can be 

performed. 
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Abbreviations 

 

SNG Subtitude Natural Gas 

LHV Lower Heating Value 

CFD Computational Fluid Dynamics 

CPU Computing Processing Unit 

3D three dimensions 

2D two dimensions 

CSP  Composite Structured Packing  

DEM  Discrete Element Method 

API Application Programming Interface 

DNS Direct Numerical Solution 

RANS  Reynolds Averaged Navier- Stokes 

RSM  Reynolds Stress Model 

RNG k-e Renormalization group k-e 

LES Large Eddy Simulations 

SST k-w Shear Stress Transport k-w 

APDF Axially Dispersed Plug Flow Model 

LSM Lattice Solid Model 

ESSCC Earth Systems Science Computational Center  

ACcESS 

Australian Computational Earth System 

Simulator 

MPI Message Passing Interface 

OpenMP Open Multi-Processing  

txt text file 

jou  journal file 

NRotElastic  Non Rotational Elastic Interactions 

NRotFrictionPrms Non Rotational Frictional Parameters 
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Appendix 

Appendix I :  Simulations with spheres 

1. Full simulation :Spheres.py 

#full simulation with 972 particles 

# 

# 

#import the appropriate ESyS-Particle modules: 

from esys.lsm import * 

from esys.lsm import LsmMpi 

from esys.lsm.util import * 

from esys.lsm.util import Vec3,BoundingBox 

from esys.lsm.geometry import * 

from POVsnaps import POVsnaps 

import random 

 

#instantiate a simulation object 

#and initialise the neighbour search algorithm: 

sim = LsmMpi(numWorkerProcesses=1, mpiDimList=[1,1,1]) 

sim.initNeighbourSearch( 

   particleType="NRotSphere", 

   gridSpacing=2.5*5, 

   verletDist=0.2*5 

 ) 

 

sim.setSpatialDomain( 

  BoundingBox(Vec3(-30,-30,0), Vec3(30,30,310)) 

 ) 

 

#read the output from previous simulation  

#sim.readGeometry("previous_output.geo") 

 

#set particles non dynamic 

#sim.setParticleNonDynamic(tag=0) 

 

particle0=NRotSphere(id=0, posn=Vec3(10,10,280), radius=5.0, mass=1) 

particle0.setLinearVelocity(Vec3(0,0,-1000)) 

sim.createParticle(particle0) 

 

sim.createInteractionGroup ( 

                 NRotFrictionPrms ( 

                   name = "friction", 

                   normalK = 10000000.0, 

                   dynamicMu=0.5, 

                   shearK=100000.0 

                        ) 

 ) 

 

                      

#initialise gravity in the domain: 

sim.createInteractionGroup( 

   GravityPrms(name="earth-gravity", acceleration=Vec3(0,0,-9810)) 

 ) 

 

#separate wall: floor 

sim.createWall( 
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   name="floor", 

   posn=Vec3(0,0,0), 

   normal=Vec3(0,0,1) 

 ) 

 

sim.createInteractionGroup( 

   NRotElasticWallPrms( 

      name = "elasticWall", 

      wallName = "floor", 

      normalK = 10000000 

   ) 

 ) 

 

#separate wall: top 

sim.createWall( 

   name="top", 

   posn=Vec3(0,0,305), 

   normal=Vec3(0,0,-1) 

) 

 

sim.createInteractionGroup( 

   NRotElasticWallPrms( 

      name = "elasticWall2", 

      wallName = "top", 

      normalK = 10000000 

   ) 

) 

 

#read the TriMesh wallfrom the mesh file: 

sim.readMesh( 

   fileName = "meduim.lsm", 

   meshName = " meduim " 

   ) 

 

sim.createInteractionGroup ( 

      NRotElasticTriMeshPrms ( 

         name = "WallInteraction", 

         meshName = " meduim ", 

         normalK = 10000000 

      )  

   )  

#add local viscosity to simulate air resistance: 

#sim.createInteractionGroup( 

 #   LinDampingPrms( 

 #       name="linDamping", 

 #       viscosity=10.0, 

  #      maxIterations=100 

 #   ) 

#) 

 

#set the number of timesteps and timestep increment: 

sim.setNumTimeSteps(300000) 

sim.setTimeStepSize(0.0001) 

 

#add a POVsnaps Runnable: 

povcam = POVsnaps(sim=sim, interval=1000) 

povcam.configure(lookAt=Vec3(0,2000,80), camPosn=Vec3(0,80000,-110)) 

sim.addPostTimeStepRunnable(povcam) 

 

#add a CheckPointer to save simulation data at regular intervals: 

sim.createCheckPointer ( 
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   CheckPointPrms ( 

     fileNamePrefix = "spheres",                                    

     beginTimeStep = 0, 

     endTimeStep = 300000, 

     timeStepIncr =1000 

  ) 

) 

i=1 

N=sim.getNumTimeSteps() 

for n in range (N): 

 sim.runTimeStep() 

 h = sim.getTimeStep() 

 if (i<=971): 

  if (h%100==0): 

        x1 = random.uniform(-20,20) 

        y1 = random.uniform(-20,20) 

        z1 = random.uniform(280,290) 

        particle=NRotSphere(id=i, posn=Vec3(x1,y1,z1), radius=5.0, 

mass=1) 

        particle.setLinearVelocity(Vec3(0,0,-1000)) 

        sim.createParticle(particle) 

        i=i+1 

                    

sim.exit() 

 

 

2. Less spheres script :Spheres.py 

 

The same script was run for the less spheres model. The simulations were run 

sequentially. In every simulation, one hundred particles were inserted and the output 

data from the one simulation were the input data for the next one where the particles 

were set to be non dynamic. The same script as spheres.py was run for 100,000 time 

steps but the coarse mesh was used. After the insertion of 600 particles, 50 particles 

were inserted in the simulation and the velocity was set to -200 m/s. 

 

This method predicted the packing of only 775 spheres. The porosity of the reactor 

increased but the overlap between the spheres was decreased. The less number of 

simulated spheres, allowed a better prediction of the spheres‟ position. The hanging 

spheres were detected in the output files and removed from the input data for the 

next simulation. 
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Appendix II :  Simulations with bonded spheres 

1. The Python code for .geo files 

#!/usr/bin/python 

 

import sys 

import random 

import math 

#import pdb 

 

#pdb.set_trace() 

 

start = "LSMGeometry 1.2\n\ 

BoundingBox -30 -30 0 30 30 305\n\ 

PeriodicBoundaries 0 0 0\n\ 

Dimension 3D\n\ 

BeginParticles\n\ 

Simple\n\ 

2\n" 

ss = str(start) 

middle = "EndParticles\n\ 

BeginConnect\n\ 

1\n" 

sm = str(middle) 

end = "EndConnect" 

se = str(end) 

 

for f in range (1,325,1): 

  ID1 = 2*f 

  ID2 = ID1+1 

  x1 = random.uniform(-20,20) 

  y1 = random.uniform(-20,20) 

  z1 = random.uniform(270,290) 

  d = math.pi/2 

  theta = random.uniform(0.01,d) 

  x2 = 10*math.sin(theta)+x1 

  y2 = y1 

  z2 = 10*math.sin(theta)+z1 

  value1 =str(x1)+' '+str(y1)+' '+str(z1)+' '+str(5)+' '+str(ID1)+' 

'+str(f) 

  value2 =str(x2)+' '+str(y2)+' '+str(z2)+' '+str(5)+' '+str(ID2)+' 

'+str(f) 

  value3 =str(ID1)+' '+str(ID2)+' '+str(1) 

  k = open("two_spheres_"+str(f)+".geo","w") 

  k.write(ss) 

  k.write(value1+'\n') 

  k.write(value2+'\n') 

  k.write(sm) 

  k.write(value3+'\n') 

  k.write(se) 

  k.close 
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2. The bonded spheres script  

 

#simulation with 324 cylinders 

# 

# 

#import the appropriate ESyS-Particle modules: 

from esys.lsm import * 

from esys.lsm import LsmMpi 

from esys.lsm.util import * 

from esys.lsm.util import Vec3,BoundingBox 

from esys.lsm.geometry import * 

from POVsnaps import POVsnaps 

import random 

 

 

#instantiate a simulation object 

#and initialise the neighbour search algorithm: 

sim = LsmMpi(numWorkerProcesses=1, mpiDimList=[1,1,1]) 

sim.initNeighbourSearch( 

   particleType="NRotSphere", 

   gridSpacing=2.5*5, 

   verletDist=0.2*5 

) 

 

#create a cylindrical particle of spheres 

sim.readGeometry("two_spheres.geo") 

         

sim.setParticleDensity( 

  tag=0, 

  mask=-1, 

  Density = 0.001909859317 

 ) 

sim.setTaggedParticleVelocity( 

   tag=0, 

   Velocity = Vec3(0.0,0.0,-1000.0) 

 ) 

sim.createInteractionGroup( 

                 NRotBondPrms( 

                   name = "sphereBonds", 

                   normalK = 10000000.0, 

                   breakDistance = 500.0, 

                   tag=1 

                  ) 

           ) 

 

 

sim.createInteractionGroup ( 

                 NRotFrictionPrms ( 

                   name = "friction", 

                   normalK = 10000000.0, 

                   dynamicMu=0.5, 

                   shearK=100000.0 

                        ) 

              ) 

sim.createExclusion ( 

                     interactionName1 = "sphereBonds", 

                     interactionName2 = "friction" 

                      ) 

                      

#initialise gravity in the domain: 
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sim.createInteractionGroup( 

   GravityPrms(name="earth-gravity", acceleration=Vec3(0,0,-9810)) 

 ) 

 

#separate wall: floor 

sim.createWall( 

   name="floor", 

   posn=Vec3(0,0,0), 

   normal=Vec3(0,0,1) 

 ) 

 

sim.createInteractionGroup( 

   NRotElasticWallPrms( 

      name = "elasticWall", 

      wallName = "floor", 

      normalK = 10000000 

   ) 

 ) 

#separate wall: top 

sim.createWall( 

   name="top", 

   posn=Vec3(0,0,305), 

   normal=Vec3(0,0,-1) 

 ) 

 

sim.createInteractionGroup( 

   NRotElasticWallPrms( 

      name = "elasticWall2", 

      wallName = "top", 

      normalK = 10000000 

   ) 

 ) 

 

#read the TriMesh wallfrom the mesh file: 

sim.readMesh( 

   fileName = "coarse.lsm", 

   meshName = "coarse" 

   ) 

 

sim.createInteractionGroup ( 

      NRotElasticTriMeshPrms ( 

         name = "WallInteraction", 

         meshName = "coarse", 

         normalK = 10000000 

      )  

   )  

#add local viscosity to simulate air resistance: 

sim.createInteractionGroup( 

    LinDampingPrms( 

        name="linDamping", 

        viscosity=8.0, 

        maxIterations=100 

    ) 

) 

 

#set the number of timesteps and timestep increment: 

sim.setNumTimeSteps(4000000) 

sim.setTimeStepSize(0.00001) 

 

#add a POVsnaps Runnable: 

povcam = POVsnaps(sim=sim, interval=1000) 
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povcam.configure(lookAt=Vec3(0,2000,80), camPosn=Vec3(0,80000,-110)) 

sim.addPostTimeStepRunnable(povcam) 

 

#add a CheckPointer to save simulation data at regular intervals: 

sim.createCheckPointer ( 

   CheckPointPrms ( 

     fileNamePrefix = "ela",                                    

     beginTimeStep = 0, 

     endTimeStep = 4000000, 

     timeStepIncr =1000 

  ) 

) 

i=1 

N=sim.getNumTimeSteps() 

for n in range (N): 

 sim.runTimeStep() 

 h = sim.getTimeStep() 

 if (i<=323): 

  if (h%10000==0): 

        sim.readGeometry("two_spheres_"+str(i)+".geo")  

          

        sim.setParticleDensity( 

              tag= i, 

              mask=-1, 

              Density = 0.001909859317 

                 ) 

        sim.createInteractionGroup( 

                 NRotBondPrms( 

                   name = "sphere"+str(i)+"Bonds", 

                   normalK = 10000000.0, 

                   breakDistance = 500.0, 

                   tag=1 

                  ) 

           ) 

        sim.setTaggedParticleVelocity( 

               tag= i, 

               Velocity = Vec3(0.0,0.0,-1000.0) 

              ) 

           

        sim.createExclusion ( 

                     interactionName1 = "sphere"+str(i)+"Bonds", 

                     interactionName2 = "friction" 

              ) 

        

        i=i+1 

                 

                   

      

    

sim.exit() 

 

 

Appendix III :  C Codes for simulations with spheres 

1. Mesh 1:Overlapping spheres  

Scenario A  
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#include <stdio.h> 

#include <stdlib.h> 

#include <math.h> 

/*------------------------- INPUT VARIABLES----------------------------*/ 

double u[5000][5]; 

char *date; 

double Reactor_r=30;                     //the radius of the reactor in the xy plane in mm 

int Reactor_h=300;                    //the height of the reactor in the z direction in mm 

char *inname="spheres.txt";    //name of ESyS output file 

char *outname="output.txt";          //name of output sorted data 

char *jouname="Mesh1OverlappingA.jou";         //name of the jou file 

 

//special attention should be given to the dimension of the array if the spheres exceed 

 //the number of 5000 

 

int i,j,k,endi,vol,vol_wall,vol_p,volumes,wx; 

int spheres; 

double val_i1=0; 

double val_i2=0; 

double val_i3=0; 

double val_i4=0; 

double val_j1=0; 

double val_j2=0; 

double val_j3=0; 

double val_j4=0; 

double id1=0,Ig; 

double id2=0,IIg; 

double xA,yA,zA; 

double xB,yB,zB; 

char *header; 

char quote=(char)34; 

char slash=(char)47; 

char colon=(char)58; 

char ssl=(char)92; 

char *arc_angles; 

char *arc_plane; 

char *arc_angles_s; 

double Dx,Dy,Dz,xy,f,f1,pi,w,f2; 

char *copy; 

char *move; 

double r,rh; 

double dist,metro,wall,wall_x,wall_y; 

 

 

int main() 
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{ 

//create txt and open it 

  FILE *input; 

  FILE *output; 

 

  input = fopen(inname,"r+"); 

  output = fopen(outname,"w"); 

 

  if (input == NULL) 

  { 

      printf("Problem opening file %s for reading.\n", inname); 

   } 

 

 

//read the particles,the first line 

  fscanf(input,"%d",&spheres); 

                 printf(" i read the number of spheres %d.\n",spheres); 

 

//starting the loop for reading 

    for (i=1;i<=spheres;i++) 

    { 

        for (j=1;j<=22;j++) 

        { 

             fscanf(input,"%lf",&u[i][j]); 

        } 

      } 

  printf("________\n"); 

//close the file 

  fclose(input); 

//the sort loop 

  endi=spheres-1; 

  printf("the sort loop starts\n"); 

  for (i=1;i<=endi;i++) 

  { 

 

        for (j=i+1;j<=spheres;j++) 

        { 

          id1=u[i][5]; 

          id2=u[j][5]; 

          if (id2<id1) 

          { 

            val_i1=u[i][1]; 

            val_i2=u[i][2]; 

            val_i3=u[i][3]; 

            val_i4=u[i][4]; 
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            val_j1=u[j][1]; 

            val_j2=u[j][2]; 

            val_j3=u[j][3]; 

            val_j4=u[j][4]; 

 

 

 

            u[i][1]=val_j1; 

            u[i][2]=val_j2; 

            u[i][3]=val_j3; 

            u[i][4]=val_j4; 

            u[i][5]=id2; 

 

            u[j][1]=val_i1; 

            u[j][2]=val_i2; 

            u[j][3]=val_i3; 

            u[j][4]=val_i4; 

            u[j][5]=id1; 

            } 

        } 

    } 

//print the sort loop 

//  for (i=1;i<=spheres;i++) 

//  { 

//     printf("%f %f %f %lf %f\n",u[i][1],u[i][2],u[i][3],u[i][4],u[i][5]); 

//     } 

 

 

//write to the file the final data 

  for (i=1;i<=spheres;i++) 

  { 

     fprintf(output,"%f %f %f %f %0.f\n",u[i][1],u[i][2],u[i][3],u[i][4],u[i][5]); 

  } 

 

//start generating the jou 

 

//fist comes the header 

 

//standard format of header 

 

  FILE *jou; 

  jou = fopen(jouname,"w"); 

 

    header="Journal File for GAMBIT 2.4.6, Database 2.4.4, ntx86 SP2007051421"; 
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    date="File opened for write Fri Feb 26 18:33:17 2010."; 

    char *identif="creating";             //not necessary 

  fprintf(jou,"%c %s\n",slash,header); 

  fprintf(jou,"%c Identifier %c%s%c\n",slash,quote,identif,quote); 

  fprintf(jou,"%c %s\n",slash,date); 

//uni tolerance in Gambit 

fprintf(jou,"default load %cC%c%c%cGAMBIT2.ini%c\n",quote,colon,ssl,ssl,quote); 

 

//stadard format of the first point vertex.1 

  fprintf(jou,"vertex create %cvertex.1%c coordinates 0 0 0\n",quote,quote); 

 

//the reactor VOLUME 1 

    arc_angles="startangle 0 endangle 360 center"; 

    arc_plane="xyplane arc"; 

 

  fprintf(jou,"edge create radius %f %s %cvertex.1%c %s\n",Reactor_r,arc_angles,quote,quote,arc_plane); 

  fprintf(jou,"face create wireframe %cedge.1%c real\n",quote,quote); 

  fprintf(jou,"volume create translate %cface.1%c vector 0 0 %d\n",quote,quote,Reactor_h); 

 

//the basic particle VOLUME 2 

  r=5; 

  arc_angles_s="startangle 0 endangle 180 center"; 

 

 

  fprintf(jou,"edge create radius %f %s %cvertex.1%c %s\n",r,arc_angles_s,quote,quote,arc_plane); 

  fprintf(jou,"edge create straight %cvertex.5%c %cvertex.4%c\n",quote,quote,quote,quote); 

  fprintf(jou,"face create wireframe %cedge.3%c %cedge.4%c real\n",quote,quote,quote,quote); 

  fprintf(jou,"volume create revolve %cface.4%c dangle 360 vector 1 0 0 origin 0 0 0\n",quote,quote); 

 

//the helpful sphere for the contact point VOLUME 3 

  rh=1; 

  fprintf(jou,"edge create radius %f %s %cvertex.1%c %s\n",rh,arc_angles_s,quote,quote,arc_plane); 

  fprintf(jou,"edge create straight %cvertex.5%c %cvertex.4%c\n",quote,quote,quote,quote); 

  fprintf(jou,"face create wireframe %cedge.3%c %cedge.4%c real\n",quote,quote,quote,quote); 

  fprintf(jou,"volume create revolve %cface.6%c dangle 360 vector 1 0 0 origin 0 0 0\n",quote,quote); 

 

 copy="volume cmove"; 

 move="volume move"; 

 vol=3; 

 //create  the basic particles 

 

  for (i=1;i<=spheres;i=i+1)  //the increment of i infuences the number of spheres one //cylinder two 

spheres i=i+2, one cylinder 3spheres i=i+3 etc. 

    { 

         vol=vol+1; 
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         xA=u[i][1]; 

         yA=u[i][2]; 

         zA=u[i][3]; 

 

         fprintf(jou,"%s %cvolume.2%c offset %f %f %f\n",copy,quote,quote,xA,yA,zA); 

     } 

 

  fprintf(jou,"%c %s\n",slash,header); 

  fprintf(jou,"%c Identifier %cbasic%c\n",slash,quote,quote); 

  fprintf(jou,"%c %s\n",slash,date); 

  fprintf(jou,"save name %cC%c%c%cMesh1Overlapping.SceA.dbs%c\n",quote,colon,ssl,ssl,quote); 

 

    //wall contact 

 k=3; 

 vol_wall=vol; 

  for (i=1;i<=spheres;i=i+1) 

    { 

         k=k+1; 

         xA=u[i][1]; 

         yA=u[i][2]; 

         zA=u[i][3]; 

 

         metro=pow((pow(xA,2)+pow(yA,2)),0.5); 

         f=atan(fabs(yA/xA)); 

          wall=Reactor_r-r-metro; 

 

         if (wall<=0.5) 

             { 

                 vol_wall=vol_wall+1; 

                 printf("wol_wall %i in the if state\n",vol_wall); 

 

                 if (xA>0&&yA>0) 

                 { 

                  wall_x=xA+(0.5*wall+r)*cos(f); 

                  wall_y=yA+(0.5*wall+r)*sin(f); 

                    } 

 

                 if (xA<0&&yA>0) 

                 { 

                  wall_x=xA-(0.5*wall+r)*cos(f); 

                  wall_y=yA+(0.5*wall+r)*sin(f); 

                    } 

 

                 if (xA<0&&yA<0) 

                 { 
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                  wall_x=xA-(0.5*wall+r)*cos(f); 

                  wall_y=yA-(0.5*wall+r)*sin(f); 

                    } 

                 if (xA>0&&yA<0) 

                 { 

                  wall_x=xA+(0.5*wall+r)*cos(f); 

                  wall_y=yA-(0.5*wall+r)*sin(f); 

                 } 

                 if (xA==0) 

                  { 

                    if (yA>0) 

                     { 

                         wall_x=xA; 

                         wall_y=yA+r+wall/2; 

                        } 

                    if (yA<0) 

                      { 

                          wall_x=xA; 

                          wall_y=yA-r-wall/2; 

                       } 

                   } 

                 if (yA==0) 

                  { 

                    if (xA>0) 

                     { 

                        wall_x=xA+r+wall/2; 

                        wall_y=yA; 

                      } 

                    if (xA<0) 

                     { 

                          wall_x=xA-r-wall/2; 

                          wall_y=yA; 

                     } 

                   } 

 

            fprintf(jou,"%s %cvolume.3%c offset %f %f %f\n",copy,quote,quote,wall_x,wall_y,zA); 

            fprintf(jou,"volume subtract %cvolume.1%c volumes %cvolume.%i%c 

keeptool\n",quote,quote,quote,vol_wall,quote); 

            fprintf(jou,"volume subtract %cvolume.%i%c volumes %cvolume.%i%c 

keeptool\n",quote,k,quote,quote,vol_wall,quote); 

             } 

    } 

//subtract the basic particles  from the reactor and between them 

vol=3; 

  for (i=1;i<=spheres;i=i+1) 
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    { 

         vol=vol+1; 

         xA=u[i][1]; 

         yA=u[i][2]; 

         zA=u[i][3]; 

         id1=u[i][5]; 

 

         for  (j=i+1;j<=spheres;j=j+1) 

           { 

              k=3+j; 

              Dx=xA-u[j][1]; 

              Dy=yA-u[j][2]; 

              Dz=zA-u[j][3]; 

              id2=u[j][5]; 

 

              dist=pow((pow(Dx,2)+pow(Dy,2)+pow(Dz,2)),0.5); 

 

             if (dist<=10.0) 

              { 

                fprintf(jou,"volume subtract %cvolume.%i%c volumes %cvolume.%i%c 

keeptool\n",quote,vol,quote,quote,k,quote); 

              } 

           } 

           fprintf(jou,"volume subtract %cvolume.1%c volumes %cvolume.%i%c 

keeptool\n",quote,quote,quote,vol,quote); 

    } 

 

  fprintf(jou,"volume delete %cvolume.2%c lowertopology\n",quote,quote); 

  fprintf(jou,"volume delete %cvolume.3%c lowertopology\n",quote,quote); 

  fprintf(jou,"save\n"); 

    return 0; 

} 

 

/*-----------------------------------------------------------------------------------------------------------*/ 

 

 

 

 

Scenario B 

 

#include <stdio.h> 

#include <stdlib.h> 

#include <math.h> 
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/*------------------------- INPUT VARIABLES----------------------------*/ 

double u[5000][5]; 

char *date; 

double Reactor_r=31;                     //the radius of the reactor in the xy plane in mm 

int Reactor_h=300;                    //the height of the reactor in the z direction in mm 

char *inname="spheres.txt";    //name of ESyS output file 

char *outname="output.txt";          //name of output sorted data 

char *jouname="Mesh1Overlapping.jou";         //name of the jou file 

 

//special attention should be given to the dimension of the array if the spheres exceed the number of 5000 

int i,j,k,endi,vol,vol_wall,vol_p,volumes,wx; 

int spheres; 

double val_i1=0; 

double val_i2=0; 

double val_i3=0; 

double val_i4=0; 

double val_j1=0; 

double val_j2=0; 

double val_j3=0; 

double val_j4=0; 

double id1=0,Ig; 

double id2=0,IIg; 

double xA,yA,zA; 

double xB,yB,zB; 

char *header; 

char quote=(char)34; 

char slash=(char)47; 

char colon=(char)58; 

char ssl=(char)92; 

char *arc_angles; 

char *arc_plane; 

char *arc_angles_s; 

double Dx,Dy,Dz,xy,f,f1,pi,w,f2; 

char *copy; 

char *move; 

double r,rh; 

double dist,metro,wall,wall_x,wall_y; 

 

int main() 

{ 

//create txt and open it 

  FILE *input; 

  FILE *output; 

 

  input = fopen(inname,"r+"); 
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  output = fopen(outname,"w"); 

  if (input == NULL) 

  { 

      printf("Problem opening file %s for reading.\n", inname); 

   } 

//read the particles,the first line 

  fscanf(input,"%d",&spheres); 

  printf("at last i read it,number of spheres %d.\n",spheres); 

 

//starting the loop for reading 

    for (i=1;i<=spheres;i++) 

    { 

        for (j=1;j<=22;j++) 

        { 

             fscanf(input,"%lf",&u[i][j]); 

        } 

      } 

  printf("________\n"); 

//close the file 

  fclose(input); 

//the sort loop 

  endi=spheres-1; 

  printf("the sort loop starts\n"); 

  for (i=1;i<=endi;i++) 

  { 

        for (j=i+1;j<=spheres;j++) 

        { 

          id1=u[i][5]; 

          id2=u[j][5]; 

          if (id2<id1) 

          { 

            val_i1=u[i][1]; 

            val_i2=u[i][2]; 

            val_i3=u[i][3]; 

            val_i4=u[i][4]; 

 

            val_j1=u[j][1]; 

            val_j2=u[j][2]; 

            val_j3=u[j][3]; 

            val_j4=u[j][4]; 

 

            u[i][1]=val_j1; 

            u[i][2]=val_j2; 

            u[i][3]=val_j3; 

            u[i][4]=val_j4; 
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            u[i][5]=id2; 

 

            u[j][1]=val_i1; 

            u[j][2]=val_i2; 

            u[j][3]=val_i3; 

            u[j][4]=val_i4; 

            u[j][5]=id1; 

            } 

        } 

    } 

//write to the file the final data 

  for (i=1;i<=spheres;i++) 

  { 

     fprintf(output,"%f %f %f %f %0.f\n",u[i][1],u[i][2],u[i][3],u[i][4],u[i][5]); 

  } 

//start generating the jou 

//fist comes the header 

 

//standard format of header 

 

  FILE *jou; 

  jou = fopen(jouname,"w"); 

    header="Journal File for GAMBIT 2.4.6, Database 2.4.4, ntx86 SP2007051421"; 

    date="File opened for write Fri Feb 26 18:33:17 2010."; 

    char *identif="creating";              

  fprintf(jou,"%c %s\n",slash,header); 

  fprintf(jou,"%c Identifier %c%s%c\n",slash,quote,identif,quote); 

  fprintf(jou,"%c %s\n",slash,date); 

//uni tolerance in Gambit 

fprintf(jou,"default load %cC%c%c%cGAMBIT2.ini%c\n",quote,colon,ssl,ssl,quote); 

 

//stadard format of the first point vertex.1 

  fprintf(jou,"vertex create %cvertex.1%c coordinates 0 0 0\n",quote,quote); 

 

//the reactor VOLUME 1 

    arc_angles="startangle 0 endangle 360 center"; 

    arc_plane="xyplane arc"; 

  fprintf(jou,"edge create radius %f %s %cvertex.1%c %s\n",Reactor_r,arc_angles,quote,quote,arc_plane); 

  fprintf(jou,"face create wireframe %cedge.1%c real\n",quote,quote); 

  fprintf(jou,"volume create translate %cface.1%c vector 0 0 %d\n",quote,quote,Reactor_h); 

 

//the basic particle VOLUME 2 

  r=5; 

  arc_angles_s="startangle 0 endangle 180 center"; 

  fprintf(jou,"edge create radius %f %s %cvertex.1%c %s\n",r,arc_angles_s,quote,quote,arc_plane); 
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  fprintf(jou,"edge create straight %cvertex.5%c %cvertex.4%c\n",quote,quote,quote,quote); 

  fprintf(jou,"face create wireframe %cedge.3%c %cedge.4%c real\n",quote,quote,quote,quote); 

  fprintf(jou,"volume create revolve %cface.4%c dangle 360 vector 1 0 0 origin 0 0 0\n",quote,quote); 

 

//the helpful sphere for the contact point VOLUME 3 

  rh=1; 

  fprintf(jou,"edge create radius %f %s %cvertex.1%c %s\n",rh,arc_angles_s,quote,quote,arc_plane); 

  fprintf(jou,"edge create straight %cvertex.5%c %cvertex.4%c\n",quote,quote,quote,quote); 

  fprintf(jou,"face create wireframe %cedge.3%c %cedge.4%c real\n",quote,quote,quote,quote); 

  fprintf(jou,"volume create revolve %cface.6%c dangle 360 vector 1 0 0 origin 0 0 0\n",quote,quote); 

 

 copy="volume cmove"; 

 move="volume move"; 

 vol=3; 

 

    //wall contact 

  for (i=1;i<=spheres;i=i+1) 

    { 

         k=k+1; 

         xA=u[i][1]; 

         yA=u[i][2]; 

         zA=u[i][3]; 

         metro=pow((pow(xA,2)+pow(yA,2)),0.5); 

         f=atan(fabs(yA/xA)); 

          wall=Reactor_r-r-metro; 

 

         if (wall<=0.5) 

             { 

                vol_wall=vol_wall+1; 

                 if (xA>0&&yA>0) 

                 { 

                  wall_x=xA+(0.5*wall+r)*cos(f); 

                  wall_y=yA+(0.5*wall+r)*sin(f); 

                   } 

                 if (xA<0&&yA>0) 

                 { 

                  wall_x=xA-(0.5*wall+r)*cos(f); 

                  wall_y=yA+(0.5*wall+r)*sin(f); 

                    } 

                 if (xA<0&&yA<0) 

                 { 

                  wall_x=xA-(0.5*wall+r)*cos(f); 

                  wall_y=yA-(0.5*wall+r)*sin(f); 

                    } 

                 if (xA>0&&yA<0) 
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                 { 

                  wall_x=xA+(0.5*wall+r)*cos(f); 

                  wall_y=yA-(0.5*wall+r)*sin(f); 

                    } 

                 if (xA==0) 

                  { 

                    if (yA>0) 

                     { 

                         wall_x=xA; 

                         wall_y=yA+r+wall/2; 

                        } 

                    if (yA<0) 

                      { 

                          wall_x=xA; 

                          wall_y=yA-r-wall/2; 

                       } 

                   } 

                 if (yA==0) 

                  { 

                    if (xA>0) 

                     { 

                        wall_x=xA+r+wall/2; 

                        wall_y=yA; 

                      } 

                    if (xA<0) 

                     { 

                          wall_x=xA-r-wall/2; 

                          wall_y=yA; 

                     } 

                   } 

        fprintf(jou,"%s %cvolume.3%c offset %f %f %f\n",copy,quote,quote,wall_x,wall_y,zA); 

        fprintf(jou,"volume subtract %cvolume.1%c volumes %cvolume.4%c \n",quote,quote,quote,quote); 

             } 

    } 

 

    //create and subtract the basic particles 

  for (i=1;i<=spheres;i=i+1)   

//the increment of i infuences the number of spheres one cylynder two spheres i=i+2, one cylinder 

3spheres i=i+3 etc. 

    { 

         vol=vol+1; 

         xA=u[i][1]; 

         yA=u[i][2]; 

         zA=u[i][3]; 

         fprintf(jou,"%s %cvolume.2%c offset %f %f %f\n",copy,quote,quote,xA,yA,zA); 
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         fprintf(jou,"volume subtract %cvolume.1%c volumes %cvolume.4%c \n",quote,quote,quote,quote); 

     } 

 

  fprintf(jou,"%c %s\n",slash,header); 

  fprintf(jou,"%c Identifier %cbasic%c\n",slash,quote,quote); 

  fprintf(jou,"%c %s\n",slash,date); 

  fprintf(jou,"save name %cC%c%c%cMesh1Overlapping.SceB.dbs%c\n",quote,colon,ssl,ssl,quote); 

    // 

  fprintf(jou,"volume delete %cvolume.2%c lowertopology\n",quote,quote); 

  fprintf(jou,"volume delete %cvolume.3%c lowertopology\n",quote,quote); 

  fprintf(jou,"save\n"); 

 

    return 0; 

} 

 

/*-----------------------------------------------------------------------------------------------------------*/ 

 

 

2. Mesh 2:Raduis reduced model  

 

It s the same as Mesh1 for the scenarios A and B and the only change is made at the 

line 171 where the value of the basic particle‟s radius changes. 

 

3. Mesh 3:Spheres model  

Scenario A 

#include <stdio.h> 

#include <stdlib.h> 

#include <math.h> 

/*------------------------- INPUT VARIABLES----------------------------*/ 

double u[5000][5]; 

char *date; 

double Reactor_r=30.3;                     //the radius of the reactor in the xy plane in mm 

int Reactor_h=305;                    //the height of the reactor in the z direction in mm 

char *inname="spheres.txt";    //name of ESyS output file 

char *outname="output.txt";          //name of output sorted data 

char *jouname="Mesh3_A.jou";         //name of the jou file 

 

//special attention should be given to the dimension of the array if the spheres exceed the number of 5000 

 

int i,j,k,endi,vol,vol_wall,vol_p,volumes,wx,face,edge,out; 

int spheres; 

double val_i1=0; 

double val_i2=0; 
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double val_i3=0; 

double val_i4=0; 

double val_j1=0; 

double val_j2=0; 

double val_j3=0; 

double val_j4=0; 

double id1=0,Ig; 

double id2=0,IIg; 

double xA,yA,zA; 

double xB,yB,zB; 

char *header; 

char quote=(char)34; 

char slash=(char)47; 

char colon=(char)58; 

char ssl=(char)92; 

char *arc_angles; 

char *arc_plane; 

char *arc_angles_s; 

double Dx,Dy,Dz,xy,f,f1,pi,w,f2; 

char *copy; 

char *move; 

double r,rh,tolr,rd; 

double dist,metro,wall,wall_x,wall_y; 

 

int main() 

{ 

//create txt and open it 

  FILE *input; 

  FILE *output; 

 

  input = fopen(inname,"r+"); 

  output = fopen(outname,"w"); 

 

  if (input == NULL) 

  { 

      printf("Problem opening file %s for reading.\n", inname); 

   } 

 

//read the particles,the first line 

  fscanf(input,"%d",&spheres); 

  printf("at last i read it,number of spheres %d.\n",spheres); 

 

//starting the loop for reading 

    for (i=1;i<=spheres;i++) 

    { 
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        for (j=1;j<=22;j++) 

        { 

             fscanf(input,"%lf",&u[i][j]); 

        } 

      } 

//printing the array 

//  printf("the array is\n"); 

//  for (i=1;i<=spheres;i++) 

//    { 

//        printf("%lf %lf %lf %lf %lf\n",u[i][1],u[i][2],u[i][3],u[i][4],u[i][5]); 

//    } 

  printf("________\n"); 

//close the file 

  fclose(input); 

//the sort loop 

  endi=spheres-1; 

  printf("the sort loop starts\n"); 

  for (i=1;i<=endi;i++) 

  { 

        for (j=i+1;j<=spheres;j++) 

        { 

          id1=u[i][5]; 

          id2=u[j][5]; 

          if (id2<id1) 

          { 

            val_i1=u[i][1]; 

            val_i2=u[i][2]; 

            val_i3=u[i][3]; 

            val_i4=u[i][4]; 

 

            val_j1=u[j][1]; 

            val_j2=u[j][2]; 

            val_j3=u[j][3]; 

            val_j4=u[j][4]; 

 

            u[i][1]=val_j1; 

            u[i][2]=val_j2; 

            u[i][3]=val_j3; 

            u[i][4]=val_j4; 

            u[i][5]=id2; 

 

            u[j][1]=val_i1; 

            u[j][2]=val_i2; 

            u[j][3]=val_i3; 

            u[j][4]=val_i4; 
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            u[j][5]=id1; 

            } 

        } 

    } 

//print the sort loop 

//  for (i=1;i<=spheres;i++) 

//  { 

//     printf("%f %f %f %lf %f\n",u[i][1],u[i][2],u[i][3],u[i][4],u[i][5]); 

//     } 

 

//write to the file the final data 

  for (i=1;i<=spheres;i++) 

  { 

     fprintf(output,"%f %f %f %f %0.f\n",u[i][1],u[i][2],u[i][3],u[i][4],u[i][5]); 

  } 

 

//start generating the jou 

//fist comes the header 

//standard format of header 

 

  FILE *jou; 

  jou = fopen(jouname,"w"); 

 

    header="Journal File for GAMBIT 2.4.6, Database 2.4.4, ntx86 SP2007051421"; 

    date="File opened for write Fri Feb 26 18:33:17 2010."; 

    char *identif="creating";             //not necessary 

  fprintf(jou,"%c %s\n",slash,header); 

  fprintf(jou,"%c Identifier %c%s%c\n",slash,quote,identif,quote); 

  fprintf(jou,"%c %s\n",slash,date); 

//uni tolerance in Gambit 

fprintf(jou,"default load %cC%c%c%cGAMBIT2.ini%c\n",quote,colon,ssl,ssl,quote); 

 

//stadard format of the first point vertex.1 

  fprintf(jou,"vertex create %cvertex.1%c coordinates 0 0 0\n",quote,quote); 

  copy="volume cmove"; 

  move="volume move"; 

 

//the reactor VOLUME 1 

    arc_angles="startangle 0 endangle 360 center"; 

    arc_plane="xyplane arc"; 

 

  fprintf(jou,"edge create radius %f %s %cvertex.1%c %s\n",Reactor_r,arc_angles,quote,quote,arc_plane); 

  fprintf(jou,"face create wireframe %cedge.1%c real\n",quote,quote); 

  fprintf(jou,"volume create translate %cface.1%c vector 0 0 %d\n",quote,quote,Reactor_h); 
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//the basic particle VOLUME 2 

  r=4.74; 

  arc_angles_s="startangle 0 endangle 180 center"; 

  fprintf(jou,"edge create radius %f %s %cvertex.1%c %s\n",r,arc_angles_s,quote,quote,arc_plane); 

  fprintf(jou,"edge create straight %cvertex.5%c %cvertex.4%c\n",quote,quote,quote,quote); 

  fprintf(jou,"face create wireframe %cedge.3%c %cedge.4%c real\n",quote,quote,quote,quote); 

  fprintf(jou,"volume create revolve %cface.4%c dangle 360 vector 1 0 0 origin 0 0 0\n",quote,quote); 

 

//the helpful sphere for the wall contact point VOLUME 3 

  rh=1.5; 

  fprintf(jou,"edge create radius %f %s %cvertex.1%c %s\n",rh,arc_angles_s,quote,quote,arc_plane); 

  fprintf(jou,"edge create straight %cvertex.5%c %cvertex.4%c\n",quote,quote,quote,quote); 

  fprintf(jou,"face create wireframe %cedge.3%c %cedge.4%c real\n",quote,quote,quote,quote); 

  fprintf(jou,"volume create revolve %cface.6%c dangle 360 vector 1 0 0 origin 0 0 0\n",quote,quote); 

 

//the volume for tolerance VOLUME 4 

  tolr=0.5; 

  fprintf(jou,"edge create radius %f %s %cvertex.1%c %s\n",tolr,arc_angles_s,quote,quote,arc_plane); 

  fprintf(jou,"edge create straight %cvertex.5%c %cvertex.4%c\n",quote,quote,quote,quote); 

  fprintf(jou,"face create wireframe %cedge.3%c %cedge.4%c real\n",quote,quote,quote,quote); 

  fprintf(jou,"volume create revolve %cface.8%c dangle 360 vector 1 0 0 origin 0 0 0\n",quote,quote); 

 

//the helpful sphere for the contact point VOLUME 5 

  rd=1.0; 

  fprintf(jou,"edge create radius %f %s %cvertex.1%c %s\n",rd,arc_angles_s,quote,quote,arc_plane); 

  fprintf(jou,"edge create straight %cvertex.5%c %cvertex.4%c\n",quote,quote,quote,quote); 

  fprintf(jou,"face create wireframe %cedge.3%c %cedge.4%c real\n",quote,quote,quote,quote); 

  fprintf(jou,"volume create revolve %cface.10%c dangle 360 vector 1 0 0 origin 0 0 0\n",quote,quote); 

 

 vol=5; 

 //create the basic particles 

  for (i=1;i<=spheres;i=i+1)  //the increment of i infuences the number of spheres one cylynder two spheres 

i=i+2, one cylinder 3spheres i=i+3 etc. 

    { 

         vol=vol+1; 

         xA=u[i][1]; 

         yA=u[i][2]; 

         zA=u[i][3]; 

 

         fprintf(jou,"%s %cvolume.2%c offset %f %f %f\n",copy,quote,quote,xA,yA,zA); 

 

     } 

 

  fprintf(jou,"%c %s\n",slash,header); 

  fprintf(jou,"%c Identifier %cbasic%c\n",slash,quote,quote); 
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  fprintf(jou,"%c %s\n",slash,date); 

  fprintf(jou,"save name %cC%c%c%cMesh3.SceA.dbs%c\n",quote,colon,ssl,ssl,quote); 

 

//tolerance solve 

   zA=u[124][3]-r-0.4; 

  fprintf(jou,"%s %cvolume.4%c offset %f %f %f\n",move,quote,quote,u[124][1],u[124][2],zA); 

  fprintf(jou,"volume subtract %cvolume.129%c volumes %cvolume.4%c 

keeptool\n",quote,quote,quote,quote); 

    //wall contact 

 k=5; 

 vol_wall=vol-1; 

 face=990-9;  

//every vol has one surface but the reactor has 2 more in addition four faces missing 4+6+8+10 cause 

//they became vol 

 //plus one created from subtract 

 edge=6-9; //2 the cylinder and 5 the volumes 

 out=0; 

  for (i=1;i<=spheres;i=i+1) 

    { 

         k=k+1; 

         xA=u[i][1]; 

         yA=u[i][2]; 

         zA=u[i][3]; 

 

         metro=pow((pow(xA,2)+pow(yA,2)),0.5); 

         f=atan(fabs(yA/xA)); 

          wall=Reactor_r-r-metro; 

         printf("metro %10.6f\n angle f in rad %10.6f\n wall distance %10.6f\n",metro,f,wall); 

         if (wall<=0.11&&wall>=0) 

             { 

                 vol_wall=vol_wall+2; 

                 vol_p=vol_wall+1; 

                 face=face+9; 

                 edge=edge+9; 

                 printf("wol_wall %i in the if state\n",vol_wall); 

 

                 if (xA>0&&yA>0) 

                 { 

                  wall_x=xA+(0.5*wall+r)*cos(f); 

                  wall_y=yA+(0.5*wall+r)*sin(f); 

                 } 

 

                 if (xA<0&&yA>0) 

                 { 

                  wall_x=xA-(0.5*wall+r)*cos(f); 
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                  wall_y=yA+(0.5*wall+r)*sin(f); 

                 } 

 

                 if (xA<0&&yA<0) 

                 { 

                  wall_x=xA-(0.5*wall+r)*cos(f); 

                  wall_y=yA-(0.5*wall+r)*sin(f); 

                  } 

 

                 if (xA>0&&yA<0) 

                 { 

                  wall_x=xA+(0.5*wall+r)*cos(f); 

                  wall_y=yA-(0.5*wall+r)*sin(f); 

                 } 

 

                 if (xA==0) 

                  { 

                    if (yA>0) 

                     { 

                         wall_x=xA; 

                         wall_y=yA+r+wall/2; 

                        } 

                    if (yA<0) 

                      { 

                          wall_x=xA; 

                          wall_y=yA-r-wall/2; 

                       } 

                   } 

                 if (yA==0) 

                  { 

                    if (xA>0) 

                     { 

                        wall_x=xA+r+wall/2; 

                        wall_y=yA; 

                      } 

                    if (xA<0) 

                     { 

                          wall_x=xA-r-wall/2; 

                          wall_y=yA; 

                     } 

                   } 

 

            printf("xA %10.6f\n yA%10.6f\n",xA,yA); 

            printf("wall x %10.6f\n  wall y %10.6f\n",wall_x,wall_y); 

           fprintf(jou,"%s %cvolume.3%c offset %f %f %f\n",copy,quote,quote,wall_x,wall_y,zA); 
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            fprintf(jou,"volume split %cvolume.%i%c faces %cface.2%c 

connected\n",quote,vol_wall,quote,quote,quote); 

            fprintf(jou,"volume delete %cvolume.%i%c lowertopology\n",quote,vol_p,quote,quote,quote); 

            fprintf(jou,"volume subtract %cvolume.%i%c volumes %cvolume.%i%c 

keeptool\n",quote,k,quote,quote,vol_wall,quote); 

            fprintf(jou,"face create wireframe %cedge.%i%c real\n",quote,edge,quote); 

            fprintf(jou,"volume split %cvolume.%i%c faces %cface.%i%c 

connected\n",quote,vol_wall,quote,quote,face,quote); 

            fprintf(jou,"volume subtract %cvolume.1%c volumes %cvolume.%i%c %cvolume.%i%c 

keeptool\n",quote,quote,quote,vol_wall,quote,quote,vol_p,quote); 

             } 

 

         if (wall<0) 

             { 

                 out=out+1; 

             } 

 

    } 

 

     printf("number of volumes outside boundaries %i\n",out); 

     fprintf(jou,"save\n"); 

 

pi=4*atan(1); 

  volumes=vol_p; 

  k=5; 

  wx=0; 

  for (i=1;i<=spheres;i=i+1) 

    { 

          k=k+1; 

         xA=u[i][1]; 

         yA=u[i][2]; 

         zA=u[i][3]; 

 

         for  (j=i+1;j<=spheres;j=j+1) 

           { 

              Dx=xA-u[j][1]; 

              Dy=yA-u[j][2]; 

              Dz=zA-u[j][3]; 

 

              IIg=u[j][5]+6 ;////because we have 5 basic volumes before the spheres (with id 0,1,2) is ctreated 

and id 0 is volume 1 

              dist=pow((pow(Dx,2)+pow(Dy,2)+pow(Dz,2)),0.5); 

              xB=xA-0.5*Dx; 

              yB=yA-0.5*Dy; 

              zB=zA-0.5*Dz; 
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              if (dist<=10.1) 

              { 

                 if (dist>=10) 

                   { 

                    volumes=volumes+1; 

                    fprintf(jou,"%s %cvolume.5%c multiple 1 offset %f %f %f\n",copy,quote,quote,xB,yB,zB); 

                    fprintf(jou,"volume subtract %cvolume.%i%c volumes %cvolume.%i%c keeptool 

\n",quote,k,quote,quote,volumes,quote); 

                    fprintf(jou,"volume subtract %cvolume.%0.f%c volumes %cvolume.%i%c keeptool 

\n",quote,IIg,quote,quote,volumes,quote); 

                    fprintf(jou,"volume subtract %cvolume.1%c volumes %cvolume.%i%c keeptool 

\n",quote,quote,quote,volumes,quote); 

                   } 

                  if (dist<10&&dist>=9.8) 

                   { 

                    volumes=volumes+1; 

                    fprintf(jou,"%s %cvolume.3%c multiple 1 offset %f %f %f\n",copy,quote,quote,xB,yB,zB); 

                    fprintf(jou,"volume subtract %cvolume.%i%c volumes %cvolume.%i%c keeptool 

\n",quote,k,quote,quote,volumes,quote); 

                    fprintf(jou,"volume subtract %cvolume.%0.f%c volumes %cvolume.%i%c keeptool 

\n",quote,IIg,quote,quote,volumes,quote); 

                    fprintf(jou,"volume subtract %cvolume.1%c volumes %cvolume.%i%c keeptool 

\n",quote,quote,quote,volumes,quote); 

                   } 

                  } 

          } 

    } 

 

  printf(" final spheres %i\n",volumes); 

 

  fprintf(jou,"save\n"); 

k=5; 

 for (i=1;i<=spheres;i=i+1) 

    { 

          k=k+1; 

         xA=u[i][1]; 

         yA=u[i][2]; 

         zA=u[i][3]; 

 

         for  (j=i+1;j<=spheres;j=j+1) 

           { 

              Dx=xA-u[j][1]; 

              Dy=yA-u[j][2]; 

              Dz=zA-u[j][3]; 
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              IIg=u[j][5]+6 ;////because we have 5 basic volumes before the spheres (with id 0,1,2) is ctreated 

and id 0 is volume 1 

 

              dist=pow((pow(Dx,2)+pow(Dy,2)+pow(Dz,2)),0.5); 

 

              xB=xA-0.5*Dx; 

              yB=yA-0.5*Dy; 

              zB=zA-0.5*Dz; 

 

              if (dist<=10.1) 

              { 

                  if (dist<9.8&&dist>5) 

                  { 

                      fprintf(jou,"volume subtract %cvolume.%i%c volumes %cvolume.%0.f%c 

keeptool\n",quote,k,quote,quote,IIg,quote); 

                    } 

              } 

 

           } 

       fprintf(jou,"volume subtract %cvolume.1%c volumes %cvolume.%i%c 

keeptool\n",quote,quote,quote,k,quote); 

    } 

    fprintf(jou,"save\n"); 

  fprintf(jou,"volume subtract %cvolume.1%c volumes %cvolume.4%c 

keeptool\n",quote,quote,quote,quote); 

  fprintf(jou,"volume delete %cvolume.2%c lowertopology\n",quote,quote); 

  fprintf(jou,"volume delete %cvolume.3%c lowertopology\n",quote,quote); 

  fprintf(jou,"volume delete %cvolume.5%c lowertopology\n",quote,quote); 

  fprintf(jou,"save\n"); 

 

    return 0; 

} 

 

/*-----------------------------------------------------------------------------------------------------------*/ 

 

 

 

Scenario B 

 

#include <stdio.h> 

#include <stdlib.h> 

#include <math.h> 
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/*------------------------- INPUT VARIABLES----------------------------*/ 

double u[5000][5]; 

char *date; 

double Reactor_r=30.5;                     //the radius of the reactor in the xy plane in mm 

int Reactor_h=305;                    //the height of the reactor in the z direction in mm 

char *inname="spheres.txt";    //name of ESyS output file 

char *outname="output.txt";          //name of output sorted data 

char *jouname="B_ModelSpheres.jou";         //name of the jou file 

 

//special attention should be given to the dimension of the array if the spheres exceed  

//the number of 5000 

 

int i,j,k,endi,vol,vol_wall,vol_p,volumes,wx,face,edge,out; 

int spheres; 

double val_i1=0; 

double val_i2=0; 

double val_i3=0; 

double val_i4=0; 

double val_j1=0; 

double val_j2=0; 

double val_j3=0; 

double val_j4=0; 

double id1=0,Ig; 

double id2=0,IIg; 

double xA,yA,zA; 

double xB,yB,zB; 

char *header; 

char quote=(char)34; 

char slash=(char)47; 

char colon=(char)58; 

char ssl=(char)92; 

char *arc_angles; 

char *arc_plane; 

char *arc_angles_s; 

double Dx,Dy,Dz,xy,f,f1,pi,w,f2; 

char *copy; 

char *move; 

double r,rh,tolr,rd; 

double dist,metro,wall,wall_x,wall_y; 

 

 

int main() 

{ 

//create txt and open it 
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  FILE *input; 

  FILE *output; 

 

  input = fopen(inname,"r+"); 

  output = fopen(outname,"w"); 

 

  if (input == NULL) 

  { 

      printf("Problem opening file %s for reading.\n", inname); 

   } 

 

//read the particles,the first line 

  fscanf(input,"%d",&spheres); 

  printf("at last i read it,number of spheres %d.\n",spheres); 

 

//starting the loop for reading 

    for (i=1;i<=spheres;i++) 

    { 

        for (j=1;j<=22;j++) 

        { 

             fscanf(input,"%lf",&u[i][j]); 

        } 

      } 

//printing the array 

//  printf("the array is\n"); 

//  for (i=1;i<=spheres;i++) 

//    { 

//        printf("%lf %lf %lf %lf %lf\n",u[i][1],u[i][2],u[i][3],u[i][4],u[i][5]); 

//    } 

  printf("________\n"); 

//close the file 

  fclose(input); 

//the sort loop 

  endi=spheres-1; 

  printf("the sort loop starts\n"); 

  for (i=1;i<=endi;i++) 

  { 

        for (j=i+1;j<=spheres;j++) 

        { 

          id1=u[i][5]; 

          id2=u[j][5]; 

          if (id2<id1) 

          { 

            val_i1=u[i][1]; 

            val_i2=u[i][2]; 
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            val_i3=u[i][3]; 

            val_i4=u[i][4]; 

 

            val_j1=u[j][1]; 

            val_j2=u[j][2]; 

            val_j3=u[j][3]; 

            val_j4=u[j][4]; 

 

            u[i][1]=val_j1; 

            u[i][2]=val_j2; 

            u[i][3]=val_j3; 

            u[i][4]=val_j4; 

            u[i][5]=id2; 

 

            u[j][1]=val_i1; 

            u[j][2]=val_i2; 

            u[j][3]=val_i3; 

            u[j][4]=val_i4; 

            u[j][5]=id1; 

            } 

        } 

    } 

//print the sort loop 

//  for (i=1;i<=spheres;i++) 

//  { 

//     printf("%f %f %f %lf %f\n",u[i][1],u[i][2],u[i][3],u[i][4],u[i][5]); 

//     } 

 

//write to the file the final data 

  for (i=1;i<=spheres;i++) 

  { 

     fprintf(output,"%f %f %f %f %0.f\n",u[i][1],u[i][2],u[i][3],u[i][4],u[i][5]); 

  } 

 

//start generating the jou 

//fist comes the header 

//standard format of header 

 

  FILE *jou; 

  jou = fopen(jouname,"w"); 

 

    header="Journal File for GAMBIT 2.4.6, Database 2.4.4, ntx86 SP2007051421"; 

    date="File opened for write Fri Feb 26 18:33:17 2010."; 

    char *identif="creating";             //not necessary 

  fprintf(jou,"%c %s\n",slash,header); 
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  fprintf(jou,"%c Identifier %c%s%c\n",slash,quote,identif,quote); 

  fprintf(jou,"%c %s\n",slash,date); 

//uni tolerance in Gambit 

  fprintf(jou,"default load %cC%c%c%cGAMBIT2.ini%c\n",quote,colon,ssl,ssl,quote); 

 

//stadard format of the first point vertex.1 

  fprintf(jou,"vertex create %cvertex.1%c coordinates 0 0 0\n",quote,quote); 

  copy="volume cmove"; 

  move="volume move"; 

 

//the reactor VOLUME 1 

    arc_angles="startangle 0 endangle 360 center"; 

    arc_plane="xyplane arc"; 

 

  fprintf(jou,"edge create radius %f %s %cvertex.1%c 

%s\n",Reactor_r,arc_angles,quote,quote,arc_plane); 

  fprintf(jou,"face create wireframe %cedge.1%c real\n",quote,quote); 

  fprintf(jou,"volume create translate %cface.1%c vector 0 0 %d\n",quote,quote,Reactor_h); 

 

//the basic particle VOLUME 2 

  r=5; 

  arc_angles_s="startangle 0 endangle 180 center"; 

  fprintf(jou,"edge create radius %f %s %cvertex.1%c %s\n",r,arc_angles_s,quote,quote,arc_plane); 

  fprintf(jou,"edge create straight %cvertex.5%c %cvertex.4%c\n",quote,quote,quote,quote); 

  fprintf(jou,"face create wireframe %cedge.3%c %cedge.4%c real\n",quote,quote,quote,quote); 

  fprintf(jou,"volume create revolve %cface.4%c dangle 360 vector 1 0 0 origin 0 0 0\n",quote,quote); 

 

//the helpful sphere for the wall contact point VOLUME 3 

  rh=1.5; 

  fprintf(jou,"edge create radius %f %s %cvertex.1%c %s\n",rh,arc_angles_s,quote,quote,arc_plane); 

  fprintf(jou,"edge create straight %cvertex.5%c %cvertex.4%c\n",quote,quote,quote,quote); 

  fprintf(jou,"face create wireframe %cedge.3%c %cedge.4%c real\n",quote,quote,quote,quote); 

  fprintf(jou,"volume create revolve %cface.6%c dangle 360 vector 1 0 0 origin 0 0 0\n",quote,quote); 

 

//the volume for tolerance VOLUME 4 

  tolr=0.5; 

  fprintf(jou,"edge create radius %f %s %cvertex.1%c %s\n",tolr,arc_angles_s,quote,quote,arc_plane); 

  fprintf(jou,"edge create straight %cvertex.5%c %cvertex.4%c\n",quote,quote,quote,quote); 

  fprintf(jou,"face create wireframe %cedge.3%c %cedge.4%c real\n",quote,quote,quote,quote); 

  fprintf(jou,"volume create revolve %cface.8%c dangle 360 vector 1 0 0 origin 0 0 0\n",quote,quote); 

 

//the helpful sphere for the contact point VOLUME 5 

  rd=1.0; 

  fprintf(jou,"edge create radius %f %s %cvertex.1%c %s\n",rd,arc_angles_s,quote,quote,arc_plane); 

  fprintf(jou,"edge create straight %cvertex.5%c %cvertex.4%c\n",quote,quote,quote,quote); 
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  fprintf(jou,"face create wireframe %cedge.3%c %cedge.4%c real\n",quote,quote,quote,quote); 

  fprintf(jou,"volume create revolve %cface.10%c dangle 360 vector 1 0 0 origin 0 0 0\n",quote,quote); 

 

 vol=5; 

 //create the basic particles 

 

  for (i=1;i<=spheres;i=i+1)  //the increment of i infuences the number of spheres one cylynder two 

spheres i=i+2, one cylinder 3spheres i=i+3 etc. 

    { 

         vol=vol+1; 

         xA=u[i][1]; 

         yA=u[i][2]; 

         zA=u[i][3]; 

         fprintf(jou,"%s %cvolume.2%c offset %f %f %f\n",copy,quote,quote,xA,yA,zA); 

     } 

 

  fprintf(jou,"%c %s\n",slash,header); 

  fprintf(jou,"%c Identifier %cbasic%c\n",slash,quote,quote); 

  fprintf(jou,"%c %s\n",slash,date); 

  fprintf(jou,"save name %cC%c%c%cB-Mesh3B.dbs%c\n",quote,colon,ssl,ssl,quote); 

 

//tolerance solve 

   zA=u[124][3]-r-0.4; 

  fprintf(jou,"%s %cvolume.4%c offset %f %f %f\n",move,quote,quote,u[124][1],u[124][2],zA); 

  fprintf(jou,"volume subtract %cvolume.129%c volumes %cvolume.4%c 

keeptool\n",quote,quote,quote,quote); 

    //wall contact 

 k=5; 

 vol_wall=vol-1; 

 face=990-9; //every vol has one surface but the reactor has 2 more in addition four faces missing 

4+6+8+10 cause they became vol 

 //plus one created from subtract 

 edge=6-9; //2 the cylinder and 5 the volumes 

 out=0; 

  for (i=1;i<=spheres;i=i+1) 

    { 

         k=k+1; 

         xA=u[i][1]; 

         yA=u[i][2]; 

         zA=u[i][3]; 

 

         metro=pow((pow(xA,2)+pow(yA,2)),0.5); 

         f=atan(fabs(yA/xA)); 

          wall=Reactor_r-r-metro; 

         printf("metro %10.6f\n angle f in rad %10.6f\n wall distance %10.6f\n",metro,f,wall); 
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         if (wall<=0.11&&wall>=0) 

             { 

                 vol_wall=vol_wall+2; 

                 vol_p=vol_wall+1; 

                 face=face+9; 

                 edge=edge+9; 

                 printf("wol_wall %i in the if state\n",vol_wall); 

 

                 if (xA>0&&yA>0) 

                 { 

                  wall_x=xA+(0.5*wall+r)*cos(f); 

                  wall_y=yA+(0.5*wall+r)*sin(f); 

                 } 

 

                 if (xA<0&&yA>0) 

                 { 

                  wall_x=xA-(0.5*wall+r)*cos(f); 

                  wall_y=yA+(0.5*wall+r)*sin(f); 

                 } 

 

                 if (xA<0&&yA<0) 

                 { 

                  wall_x=xA-(0.5*wall+r)*cos(f); 

                  wall_y=yA-(0.5*wall+r)*sin(f); 

                  } 

 

                 if (xA>0&&yA<0) 

                 { 

                  wall_x=xA+(0.5*wall+r)*cos(f); 

                  wall_y=yA-(0.5*wall+r)*sin(f); 

                 } 

 

                 if (xA==0) 

                  { 

                    if (yA>0) 

                     { 

                         wall_x=xA; 

                         wall_y=yA+r+wall/2; 

                        } 

                    if (yA<0) 

                      { 

                          wall_x=xA; 

                          wall_y=yA-r-wall/2; 

                       } 
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                   } 

                 if (yA==0) 

                  { 

                    if (xA>0) 

                     { 

                        wall_x=xA+r+wall/2; 

                        wall_y=yA; 

                      } 

                    if (xA<0) 

                     { 

                          wall_x=xA-r-wall/2; 

                          wall_y=yA; 

                     } 

                   } 

 

             printf("xA %10.6f\n yA%10.6f\n",xA,yA); 

             printf("wall x %10.6f\n  wall y %10.6f\n",wall_x,wall_y); 

 

            fprintf(jou,"%s %cvolume.3%c offset %f %f %f\n",copy,quote,quote,wall_x,wall_y,zA); 

            fprintf(jou,"volume split %cvolume.%i%c faces %cface.2%c 

connected\n",quote,vol_wall,quote,quote,quote); 

            fprintf(jou,"volume delete %cvolume.%i%c lowertopology\n",quote,vol_p,quote,quote,quote); 

            fprintf(jou,"volume subtract %cvolume.%i%c volumes %cvolume.%i%c 

keeptool\n",quote,k,quote,quote,vol_wall,quote); 

            fprintf(jou,"face create wireframe %cedge.%i%c real\n",quote,edge,quote); 

            fprintf(jou,"volume split %cvolume.%i%c faces %cface.%i%c 

connected\n",quote,vol_wall,quote,quote,face,quote); 

            fprintf(jou,"volume subtract %cvolume.1%c volumes %cvolume.%i%c %cvolume.%i%c 

keeptool\n",quote,quote,quote,vol_wall,quote,quote,vol_p,quote); 

             } 

 

         if (wall<0) 

             { 

                 out=out+1; 

             } 

    } 

     printf("number of volumes outside boundaries %i\n",out); 

     fprintf(jou,"save\n"); 

 

pi=4*atan(1); 

  volumes=vol_p+1; 

  k=5; 

  wx=0; 

 

  for (i=1;i<=spheres;i=i+1) 
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    { 

          k=k+1; 

         xA=u[i][1]; 

         yA=u[i][2]; 

         zA=u[i][3]; 

 

         for  (j=i+1;j<=spheres;j=j+1) 

           { 

              Dx=xA-u[j][1]; 

              Dy=yA-u[j][2]; 

              Dz=zA-u[j][3]; 

 

              Ig=u[j][5]; 

              IIg=Ig+6 ;////because we have 5 basic volumes before the spheres (with id 0,1,2) is ctreated 

//and id 0 is volume 1 

 

              dist=pow((pow(Dx,2)+pow(Dy,2)+pow(Dz,2)),0.5); 

 

              xB=xA-0.5*Dx; 

              yB=yA-0.5*Dy; 

              zB=zA-0.5*Dz; 

 

              if (dist<=10.1) 

              { 

                  if (dist>=10) 

                   { 

                    wx=wx+1; 

                    fprintf(jou,"%s %cvolume.5%c multiple 1 offset %f %f %f\n",copy,quote,quote,xB,yB,zB); 

                    fprintf(jou,"volume subtract %cvolume.%i%c volumes %cvolume.%i%c keeptool 

\n",quote,k,quote,quote,volumes,quote); 

                    fprintf(jou,"volume subtract %cvolume.%0.f%c volumes %cvolume.%i%c keeptool 

\n",quote,IIg,quote,quote,volumes,quote); 

                    fprintf(jou,"volume subtract %cvolume.1%c volumes %cvolume.%i%c 

\n",quote,quote,quote,volumes,quote); 

                   } 

                  if (dist<10&&dist>=9.9) 

                   { 

                    fprintf(jou,"%s %cvolume.3%c multiple 1 offset %f %f %f\n",copy,quote,quote,xB,yB,zB); 

                    fprintf(jou,"volume subtract %cvolume.%i%c volumes %cvolume.%i%c keeptool 

\n",quote,k,quote,quote,volumes,quote); 

                    fprintf(jou,"volume subtract %cvolume.%0.f%c volumes %cvolume.%i%c keeptool 

\n",quote,IIg,quote,quote,volumes,quote); 

                    fprintf(jou,"volume subtract %cvolume.1%c volumes %cvolume.%i%c 

\n",quote,quote,quote,volumes,quote); 

                   } 
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                } 

           } 

    } 

 

  printf(" final spheres %i\n",wx); 

 

  fprintf(jou,"save\n"); 

  vol=5; 

 for (i=1;i<=spheres;i=i+1) 

    { 

         vol=vol+1; 

         xA=u[i][1]; 

         yA=u[i][2]; 

         zA=u[i][3]; 

         id1=u[i][5]; 

 

           fprintf(jou,"volume subtract %cvolume.1%c volumes %cvolume.%i%c 

\n",quote,quote,quote,vol,quote); 

    } 

    fprintf(jou,"save\n"); 

  fprintf(jou,"volume subtract %cvolume.1%c volumes %cvolume.4%c 

keeptool\n",quote,quote,quote,quote); 

  fprintf(jou,"volume delete %cvolume.2%c lowertopology\n",quote,quote); 

  fprintf(jou,"volume delete %cvolume.3%c lowertopology\n",quote,quote); 

  fprintf(jou,"volume delete %cvolume.5%c lowertopology\n",quote,quote); 

  fprintf(jou,"save\n"); 

 

    return 0; 

} 

/*-----------------------------------------------------------------------------------------------------------*/ 

 

 

 

 

4. The less spheres script 

 

#include <stdio.h> 

#include <stdlib.h> 

#include <math.h> 

 

/*------------------------- INPUT VARIABLES----------------------------*/ 

double u[5000][5]; 
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char *date; 

double Reactor_r=30;                     //the radius of the reactor in the xy plane in mm 

int Reactor_h=303;                    //the height of the reactor in the z direction in mm 

char *inname="less_spsheres.txt";    //name of ESyS output file 

char *outname="output.txt";          //name of output sorted data 

char *jouname="NearMiss.jou";         //name of the jou file 

 

//special attention should be given to the dimension of the array if the spheres exceed the number of 

//5000 

 

int i,j,k,endi,vol,vol_wall,vol_p,volumes,wx,face,edge,out; 

int spheres; 

double val_i1=0; 

double val_i2=0; 

double val_i3=0; 

double val_i4=0; 

double val_j1=0; 

double val_j2=0; 

double val_j3=0; 

double val_j4=0; 

double id1=0,Ig; 

double id2=0,IIg; 

double xA,yA,zA; 

double xB,yB,zB; 

char *header; 

char quote=(char)34; 

char slash=(char)47; 

char colon=(char)58; 

char ssl=(char)92; 

char *arc_angles; 

char *arc_plane; 

char *arc_angles_s; 

double Dx,Dy,Dz,xy,f,f1,pi,w,f2; 

char *copy; 

char *move; 

double r,rh,tolr,rd; 

double dist,metro,wall,wall_x,wall_y; 

 

 

int main() 

{ 

//create txt and open it 

  FILE *input; 

  FILE *output; 

 



  Appendix    

  128 

  input = fopen(inname,"r+"); 

  output = fopen(outname,"w"); 

 

  if (input == NULL) 

  { 

      printf("Problem opening file %s for reading.\n", inname); 

   } 

 

//read the particles,the first line 

  fscanf(input,"%d",&spheres); 

  printf("at last i read it,number of spheres %d.\n",spheres); 

 

//starting the loop for reading 

    for (i=1;i<=spheres;i++) 

    { 

        for (j=1;j<=22;j++) 

        { 

             fscanf(input,"%lf",&u[i][j]); 

        } 

      } 

//printing the array 

//  printf("the array is\n"); 

//  for (i=1;i<=spheres;i++) 

//    { 

//        printf("%lf %lf %lf %lf %lf\n",u[i][1],u[i][2],u[i][3],u[i][4],u[i][5]); 

//    } 

  printf("________\n"); 

//close the file 

  fclose(input); 

//the sort loop 

  endi=spheres-1; 

  printf("the sort loop starts\n"); 

  for (i=1;i<=endi;i++) 

  { 

 

        for (j=i+1;j<=spheres;j++) 

        { 

          id1=u[i][5]; 

          id2=u[j][5]; 

          if (id2<id1) 

          { 

            val_i1=u[i][1]; 

            val_i2=u[i][2]; 

            val_i3=u[i][3]; 

            val_i4=u[i][4]; 
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            val_j1=u[j][1]; 

            val_j2=u[j][2]; 

            val_j3=u[j][3]; 

            val_j4=u[j][4]; 

 

            u[i][1]=val_j1; 

            u[i][2]=val_j2; 

            u[i][3]=val_j3; 

            u[i][4]=val_j4; 

            u[i][5]=id2; 

 

            u[j][1]=val_i1; 

            u[j][2]=val_i2; 

            u[j][3]=val_i3; 

            u[j][4]=val_i4; 

            u[j][5]=id1; 

            } 

        } 

    } 

//print the sort loop 

//  for (i=1;i<=spheres;i++) 

//  { 

//     printf("%f %f %f %lf %f\n",u[i][1],u[i][2],u[i][3],u[i][4],u[i][5]); 

//     } 

 

//write to the file the final data 

  for (i=1;i<=spheres;i++) 

  { 

     fprintf(output,"%f %f %f %f %0.f\n",u[i][1],u[i][2],u[i][3],u[i][4],u[i][5]); 

  } 

 

//start generating the jou 

//fist comes the header 

//standard format of header 

 

  FILE *jou; 

  jou = fopen(jouname,"w"); 

 

    header="Journal File for GAMBIT 2.4.6, Database 2.4.4, ntx86 SP2007051421"; 

    date="File opened for write Fri Feb 26 18:33:17 2010."; 

    char *identif="creating";             //not necessary 

  fprintf(jou,"%c %s\n",slash,header); 

  fprintf(jou,"%c Identifier %c%s%c\n",slash,quote,identif,quote); 

  fprintf(jou,"%c %s\n",slash,date); 
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//uni tolerance in Gambit 

fprintf(jou,"default load %cC%c%c%cGAMBIT2.ini%c\n",quote,colon,ssl,ssl,quote); 

 

//stadard format of the first point vertex.1 

  fprintf(jou,"vertex create %cvertex.1%c coordinates 0 0 0\n",quote,quote); 

  copy="volume cmove"; 

  move="volume move"; 

 

//the reactor VOLUME 1 

    arc_angles="startangle 0 endangle 360 center"; 

    arc_plane="xyplane arc"; 

 

  fprintf(jou,"edge create radius %f %s %cvertex.1%c 

%s\n",Reactor_r,arc_angles,quote,quote,arc_plane); 

  fprintf(jou,"face create wireframe %cedge.1%c real\n",quote,quote); 

  fprintf(jou,"volume create translate %cface.1%c vector 0 0 %d\n",quote,quote,Reactor_h); 

 

//the basic particle VOLUME 2 

  r=4.9336; 

  arc_angles_s="startangle 0 endangle 180 center"; 

 

  fprintf(jou,"edge create radius %f %s %cvertex.1%c %s\n",r,arc_angles_s,quote,quote,arc_plane); 

  fprintf(jou,"edge create straight %cvertex.5%c %cvertex.4%c\n",quote,quote,quote,quote); 

  fprintf(jou,"face create wireframe %cedge.3%c %cedge.4%c real\n",quote,quote,quote,quote); 

  fprintf(jou,"volume create revolve %cface.4%c dangle 360 vector 1 0 0 origin 0 0 0\n",quote,quote); 

 

//the helpful sphere for the wall contact point VOLUME 3 

  rh=1.5; 

  fprintf(jou,"edge create radius %f %s %cvertex.1%c %s\n",rh,arc_angles_s,quote,quote,arc_plane); 

  fprintf(jou,"edge create straight %cvertex.5%c %cvertex.4%c\n",quote,quote,quote,quote); 

  fprintf(jou,"face create wireframe %cedge.3%c %cedge.4%c real\n",quote,quote,quote,quote); 

  fprintf(jou,"volume create revolve %cface.6%c dangle 360 vector 1 0 0 origin 0 0 0\n",quote,quote); 

 

//the volume for tolerance VOLUME 4 

  tolr=0.5; 

  fprintf(jou,"edge create radius %f %s %cvertex.1%c %s\n",tolr,arc_angles_s,quote,quote,arc_plane); 

  fprintf(jou,"edge create straight %cvertex.5%c %cvertex.4%c\n",quote,quote,quote,quote); 

  fprintf(jou,"face create wireframe %cedge.3%c %cedge.4%c real\n",quote,quote,quote,quote); 

  fprintf(jou,"volume create revolve %cface.8%c dangle 360 vector 1 0 0 origin 0 0 0\n",quote,quote); 

 

//the helpful sphere for the contact point VOLUME 5 

  rd=1.0; 

  fprintf(jou,"edge create radius %f %s %cvertex.1%c %s\n",rd,arc_angles_s,quote,quote,arc_plane); 

  fprintf(jou,"edge create straight %cvertex.5%c %cvertex.4%c\n",quote,quote,quote,quote); 

  fprintf(jou,"face create wireframe %cedge.3%c %cedge.4%c real\n",quote,quote,quote,quote); 
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  fprintf(jou,"volume create revolve %cface.10%c dangle 360 vector 1 0 0 origin 0 0 0\n",quote,quote); 

 

 vol=5; 

 //create the basic particles 

 

  for (i=1;i<=spheres;i=i+1)  //the increment of i infuences the number of spheres one cylynder two 

spheres i=i+2, one cylinder 3spheres i=i+3 etc. 

    { 

         vol=vol+1; 

         xA=u[i][1]; 

         yA=u[i][2]; 

         zA=u[i][3]; 

         fprintf(jou,"%s %cvolume.2%c offset %f %f %f\n",copy,quote,quote,xA,yA,zA); 

     } 

 

  fprintf(jou,"%c %s\n",slash,header); 

  fprintf(jou,"%c Identifier %cbasic%c\n",slash,quote,quote); 

  fprintf(jou,"%c %s\n",slash,date); 

  fprintf(jou,"save name %cC%c%c%cNearMiss2.dbs%c\n",quote,colon,ssl,ssl,quote); 

 

//tolerance solve 

  fprintf(jou,"%s %cvolume.4%c offset -18.467433 7.285868 298.837618\n",move,quote,quote); 

  fprintf(jou,"volume subtract %cvolume.779%c volumes %cvolume.4%c 

keeptool\n",quote,quote,quote,quote); 

    //wall contact 

 k=5; 

 vol_wall=vol-1; 

 fprintf(jou,"save\n"); 

 vol=5; 

 for (i=1;i<=spheres-2;i=i+1) 

    { 

         vol=vol+1; 

         xA=u[i][1]; 

         yA=u[i][2]; 

         zA=u[i][3]; 

         id1=u[i][5]; 

        fprintf(jou,"volume subtract %cvolume.1%c volumes %cvolume.%i%c 

\n",quote,quote,quote,vol,quote); 

    } 

    fprintf(jou,"save\n"); 

  fprintf(jou,"volume subtract %cvolume.1%c volumes %cvolume.4%c 

keeptool\n",quote,quote,quote,quote); 

  fprintf(jou,"volume subtract %cvolume.1%c volumes %cvolume.779%c 

keeptool\n",quote,quote,quote,quote); 

  fprintf(jou,"volume subtract %cvolume.1%c volumes %cvolume.780%c \n",quote,quote,quote,quote); 
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  fprintf(jou,"volume delete %cvolume.2%c lowertopology\n",quote,quote); 

  fprintf(jou,"volume delete %cvolume.3%c lowertopology\n",quote,quote); 

  fprintf(jou,"volume delete %cvolume.5%c lowertopology\n",quote,quote); 

  fprintf(jou,"save\n"); 

 

    return 0; 

} 

/*-----------------------------------------------------------------------------------------------------------*/ 

 

 

5. The periodic segment  

 

#include <stdio.h> 

#include <stdlib.h> 

#include <math.h> 

 

/*------------------------- INPUT VARIABLES----------------------------*/ 

double u[5000][5]; 

char *date; 

double Reactor_r=30;                     //the radius of the reactor in the xy plane in mm 

int Reactor_h=303;                    //the height of the reactor in the z direction in mm 

char *inname="periosic_segment.txt";    //name of ESyS output file 

char *outname="output50.txt";          //name of output sorted data 

char *jouname="50.jou";         //name of the jou file 

 

//special attention should be given to the dimension of the array if the spheres exceed the number of 

//5000 

 

int i,j,k,endi,vol,vol_wall,vol_p,volumes,wx,face,edge,out; 

int spheres; 

double val_i1=0; 

double val_i2=0; 

double val_i3=0; 

double val_i4=0; 

double val_j1=0; 

double val_j2=0; 

double val_j3=0; 

double val_j4=0; 

double id1=0,Ig; 

double id2=0,IIg; 

double xA,yA,zA; 

double xB,yB,zB; 

char *header; 

char quote=(char)34; 
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char slash=(char)47; 

char colon=(char)58; 

char ssl=(char)92; 

char *arc_angles; 

char *arc_plane; 

char *arc_angles_s; 

double Dx,Dy,Dz,xy,f,f1,pi,w,f2; 

char *copy; 

char *move; 

double r,rh,tolr,rd; 

double dist,metro,wall,wall_x,wall_y; 

 

 

int main() 

{ 

//create txt and open it 

  FILE *input; 

  FILE *output; 

 

  input = fopen(inname,"r+"); 

  output = fopen(outname,"w"); 

 

  if (input == NULL) 

  { 

      printf("Problem opening file %s for reading.\n", inname); 

   } 

 

//read the particles,the first line 

  fscanf(input,"%d",&spheres); 

  printf("at last i read it,number of spheres %d.\n",spheres); 

 

//starting the loop for reading 

    for (i=1;i<=spheres;i++) 

    { 

        for (j=1;j<=22;j++) 

        { 

             fscanf(input,"%lf",&u[i][j]); 

        } 

      } 

 

//printing the array 

//  printf("the array is\n"); 

 

//  for (i=1;i<=spheres;i++) 

//    { 
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//        printf("%lf %lf %lf %lf %lf\n",u[i][1],u[i][2],u[i][3],u[i][4],u[i][5]); 

//    } 

  printf("________\n"); 

//close the file 

  fclose(input); 

//the sort loop 

  endi=spheres-1; 

  printf("the sort loop starts\n"); 

  for (i=1;i<=endi;i++) 

  { 

        for (j=i+1;j<=spheres;j++) 

        { 

          id1=u[i][5]; 

          id2=u[j][5]; 

          if (id2<id1) 

          { 

            val_i1=u[i][1]; 

            val_i2=u[i][2]; 

            val_i3=u[i][3]; 

            val_i4=u[i][4]; 

 

            val_j1=u[j][1]; 

            val_j2=u[j][2]; 

            val_j3=u[j][3]; 

            val_j4=u[j][4]; 

 

            u[i][1]=val_j1; 

            u[i][2]=val_j2; 

            u[i][3]=val_j3; 

            u[i][4]=val_j4; 

            u[i][5]=id2; 

 

            u[j][1]=val_i1; 

            u[j][2]=val_i2; 

            u[j][3]=val_i3; 

            u[j][4]=val_i4; 

            u[j][5]=id1; 

            } 

        } 

    } 

//print the sort loop 

//  for (i=1;i<=spheres;i++) 

//  { 

//     printf("%f %f %f %lf %f\n",u[i][1],u[i][2],u[i][3],u[i][4],u[i][5]); 

//     } 
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//write to the file the final data 

  for (i=1;i<=spheres;i++) 

  { 

     fprintf(output,"%f %f %f %f %0.f\n",u[i][1],u[i][2],u[i][3],u[i][4],u[i][5]); 

  } 

 

//start generating the jou 

//fist comes the header 

//standard format of header 

 

  FILE *jou; 

  jou = fopen(jouname,"w"); 

 

    header="Journal File for GAMBIT 2.4.6, Database 2.4.4, ntx86 SP2007051421"; 

    date="File opened for write Fri Feb 26 18:33:17 2010."; 

    char *identif="creating";             //not necessary 

  fprintf(jou,"%c %s\n",slash,header); 

  fprintf(jou,"%c Identifier %c%s%c\n",slash,quote,identif,quote); 

  fprintf(jou,"%c %s\n",slash,date); 

//uni tolerance in Gambit 

fprintf(jou,"default load %cC%c%c%cGAMBIT2.ini%c\n",quote,colon,ssl,ssl,quote); 

 

//stadard format of the first point vertex.1 

  fprintf(jou,"vertex create %cvertex.1%c coordinates 0 0 0\n",quote,quote); 

  copy="volume cmove"; 

  move="volume move"; 

 

//the reactor VOLUME 1 

    arc_angles="startangle 0 endangle 360 center"; 

    arc_plane="xyplane arc"; 

 

  fprintf(jou,"edge create radius %f %s %cvertex.1%c 

%s\n",Reactor_r,arc_angles,quote,quote,arc_plane); 

  fprintf(jou,"face create wireframe %cedge.1%c real\n",quote,quote); 

  fprintf(jou,"volume create translate %cface.1%c vector 0 0 %d\n",quote,quote,Reactor_h); 

 

//the basic particle VOLUME 2 

  r=4.95; 

  arc_angles_s="startangle 0 endangle 180 center"; 

  fprintf(jou,"edge create radius %f %s %cvertex.1%c %s\n",r,arc_angles_s,quote,quote,arc_plane); 

  fprintf(jou,"edge create straight %cvertex.5%c %cvertex.4%c\n",quote,quote,quote,quote); 

  fprintf(jou,"face create wireframe %cedge.3%c %cedge.4%c real\n",quote,quote,quote,quote); 

  fprintf(jou,"volume create revolve %cface.4%c dangle 360 vector 1 0 0 origin 0 0 0\n",quote,quote); 
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//the helpful sphere for the wall contact point VOLUME 3 

  rh=1.5; 

  fprintf(jou,"edge create radius %f %s %cvertex.1%c %s\n",rh,arc_angles_s,quote,quote,arc_plane); 

  fprintf(jou,"edge create straight %cvertex.5%c %cvertex.4%c\n",quote,quote,quote,quote); 

  fprintf(jou,"face create wireframe %cedge.3%c %cedge.4%c real\n",quote,quote,quote,quote); 

  fprintf(jou,"volume create revolve %cface.6%c dangle 360 vector 1 0 0 origin 0 0 0\n",quote,quote); 

 

//the volume for tolerance VOLUME 4 

  tolr=0.5; 

  fprintf(jou,"edge create radius %f %s %cvertex.1%c %s\n",tolr,arc_angles_s,quote,quote,arc_plane); 

  fprintf(jou,"edge create straight %cvertex.5%c %cvertex.4%c\n",quote,quote,quote,quote); 

  fprintf(jou,"face create wireframe %cedge.3%c %cedge.4%c real\n",quote,quote,quote,quote); 

  fprintf(jou,"volume create revolve %cface.8%c dangle 360 vector 1 0 0 origin 0 0 0\n",quote,quote); 

 

//the helpful sphere for the contact point VOLUME 5 

  rd=1.0; 

  fprintf(jou,"edge create radius %f %s %cvertex.1%c %s\n",rd,arc_angles_s,quote,quote,arc_plane); 

  fprintf(jou,"edge create straight %cvertex.5%c %cvertex.4%c\n",quote,quote,quote,quote); 

  fprintf(jou,"face create wireframe %cedge.3%c %cedge.4%c real\n",quote,quote,quote,quote); 

  fprintf(jou,"volume create revolve %cface.10%c dangle 360 vector 1 0 0 origin 0 0 0\n",quote,quote); 

 

 vol=5; 

 //create the basic particles 

 

  for (i=1;i<=spheres;i=i+1)  //the increment of i infuences the number of spheres one cylynder two 

spheres i=i+2, one cylinder 3spheres i=i+3 etc. 

    { 

         vol=vol+1; 

         xA=u[i][1]; 

         yA=u[i][2]; 

         zA=u[i][3]; 

         fprintf(jou,"%s %cvolume.2%c offset %f %f %f\n",copy,quote,quote,xA,yA,zA); 

     } 

 

  fprintf(jou,"%c %s\n",slash,header); 

  fprintf(jou,"%c Identifier %cbasic%c\n",slash,quote,quote); 

  fprintf(jou,"%c %s\n",slash,date); 

  fprintf(jou,"save name %cC%c%c%cAllo50.dbs%c\n",quote,colon,ssl,ssl,quote); 

 

//tolerance solve 

 

  fprintf(jou,"%s %cvolume.4%c offset -29 0 12\n",move,quote,quote); 

  fprintf(jou,"volume subtract %cvolume.66%c volumes %cvolume.4%c 

keeptool\n",quote,quote,quote,quote); 

    //wall contact 
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 k=5; 

 vol_wall=vol-1; 

 face=793-9; //every vol has one surface but the reactor has 2 more in addition four faces missing 

//4+6+8+10 cause they became vol 

 //plus one created from subtract 

 edge=6-9; //2 the cylinder and 5 the volumes 

 out=0; 

 

  for (i=1;i<=spheres;i=i+1) 

    { 

         k=k+1; 

         xA=u[i][1]; 

         yA=u[i][2]; 

         zA=u[i][3]; 

 

         metro=pow((pow(xA,2)+pow(yA,2)),0.5); 

         f=atan(fabs(yA/xA)); 

          wall=Reactor_r-r-metro; 

       //  printf("metro %10.6f\n angle f in rad %10.6f\n wall distance %10.6f\n",metro,f,wall); 

 

         if (wall<=0.11&&wall>=0) 

             { 

                 vol_wall=vol_wall+2; 

                 vol_p=vol_wall+1; 

                 face=face+9; 

                 edge=edge+9; 

                 printf("wol_wall %i in the if state\n",vol_wall); 

 

                 if (xA>0&&yA>0) 

                 { 

                  wall_x=xA+(0.5*wall+r)*cos(f); 

                  wall_y=yA+(0.5*wall+r)*sin(f); 

                 } 

 

                 if (xA<0&&yA>0) 

                 { 

                  wall_x=xA-(0.5*wall+r)*cos(f); 

                  wall_y=yA+(0.5*wall+r)*sin(f); 

                 } 

 

                 if (xA<0&&yA<0) 

                 { 

                  wall_x=xA-(0.5*wall+r)*cos(f); 

                  wall_y=yA-(0.5*wall+r)*sin(f); 

                  } 
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                 if (xA>0&&yA<0) 

                 { 

                  wall_x=xA+(0.5*wall+r)*cos(f); 

                  wall_y=yA-(0.5*wall+r)*sin(f); 

                 } 

 

                 if (xA==0) 

                  { 

                    if (yA>0) 

                     { 

                         wall_x=xA; 

                         wall_y=yA+r+wall/2; 

                        } 

                    if (yA<0) 

                      { 

                          wall_x=xA; 

                          wall_y=yA-r-wall/2; 

                       } 

                   } 

                 if (yA==0) 

                  { 

                    if (xA>0) 

                     { 

                        wall_x=xA+r+wall/2; 

                        wall_y=yA; 

                      } 

                    if (xA<0) 

                     { 

                          wall_x=xA-r-wall/2; 

                          wall_y=yA; 

                     } 

                   } 

 

           //  printf("xA %10.6f\n yA%10.6f\n",xA,yA); 

           //  printf("wall x %10.6f\n  wall y %10.6f\n",wall_x,wall_y); 

 

            fprintf(jou,"%s %cvolume.3%c offset %f %f %f\n",copy,quote,quote,wall_x,wall_y,zA); 

            fprintf(jou,"volume split %cvolume.%i%c faces %cface.2%c 

connected\n",quote,vol_wall,quote,quote,quote); 

            fprintf(jou,"volume delete %cvolume.%i%c lowertopology\n",quote,vol_p,quote,quote,quote); 

            fprintf(jou,"volume subtract %cvolume.%i%c volumes %cvolume.%i%c 

keeptool\n",quote,k,quote,quote,vol_wall,quote); 

            fprintf(jou,"face create wireframe %cedge.%i%c real\n",quote,edge,quote); 
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            fprintf(jou,"volume split %cvolume.%i%c faces %cface.%i%c 

connected\n",quote,vol_wall,quote,quote,face,quote); 

            fprintf(jou,"volume subtract %cvolume.1%c volumes %cvolume.%i%c %cvolume.%i%c 

keeptool\n",quote,quote,quote,vol_wall,quote,quote,vol_p,quote); 

             } 

 

         if (wall<0) 

             { 

                 out=out+1; 

             } 

 

    } 

     printf("number of volumes outside boundaries %i\n",out); 

     printf("volumes after wall %i\n",vol_wall); 

     fprintf(jou,"save\n"); 

 

pi=4*atan(1); 

  volumes=vol_wall+1; 

  k=5; 

  wx=0; 

out=0; 

 

  for (i=1;i<=spheres;i=i+1) 

    { 

 

          k=k+1; 

         xA=u[i][1]; 

         yA=u[i][2]; 

         zA=u[i][3]; 

         f=u[i][5]; 

 

         for  (j=i+1;j<=spheres;j=j+1) 

           { 

              Dx=xA-u[j][1]; 

              Dy=yA-u[j][2]; 

              Dz=zA-u[j][3]; 

 

              Ig=u[j][5]; 

              IIg=j+5 ;////because we have 5 basic volumes before the spheres (with id 0,1,2) is ctreated and 

id 0 is volume 6 

             // printf("Ig is %0.f while IIg is %0.f\n",Ig+6,IIg); 

              dist=pow((pow(Dx,2)+pow(Dy,2)+pow(Dz,2)),0.5); 

 

              xB=xA-0.5*Dx; 

              yB=yA-0.5*Dy; 
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              zB=zA-0.5*Dz; 

 

              if (dist<=10.01) 

              { 

                   volumes=volumes+1; 

                  if (dist>=9.8) 

                   { 

                    fprintf(jou,"%s %cvolume.5%c multiple 1 offset %f %f %f\n",copy,quote,quote,xB,yB,zB); 

                    fprintf(jou,"volume subtract %cvolume.%i%c volumes %cvolume.%i%c keeptool 

\n",quote,k,quote,quote,volumes,quote); 

                    fprintf(jou,"volume subtract %cvolume.%0.f%c volumes %cvolume.%i%c keeptool 

\n",quote,IIg,quote,quote,volumes,quote); 

                    fprintf(jou,"volume subtract %cvolume.1%c volumes %cvolume.%i%c 

keeptool\n",quote,quote,quote,volumes,quote); 

                   } 

                  if (dist<=9.8&&dist>=5) 

                   { 

                    wx=wx+1; 

                    fprintf(jou,"%s %cvolume.3%c multiple 1 offset %f %f %f\n",copy,quote,quote,xB,yB,zB); 

                    fprintf(jou,"volume subtract %cvolume.%i%c volumes %cvolume.%i%c keeptool 

\n",quote,k,quote,quote,volumes,quote); 

                    fprintf(jou,"volume subtract %cvolume.%0.f%c volumes %cvolume.%i%c keeptool 

\n",quote,IIg,quote,quote,volumes,quote); 

                    fprintf(jou,"volume subtract %cvolume.1%c volumes %cvolume.%i%c 

keeptool\n",quote,quote,quote,volumes,quote); 

                   } 

                  if (dist<=9.8) 

                  { 

                      out=out+1; 

                      printf(" main particle\n %i",k); 

                      printf(" overlaps with %0.f\n",IIg); 

                  } 

               } 

           } 

    } 

 

 printf(" spheres less than 9.967,number  %i\n",volumes); 

 printf(" overlap implemented sheres %i\n",wx); 

 fprintf(jou,"save\n"); 

 vol=5; 

 for (i=1;i<=spheres;i=i+1) 

    { 

         vol=vol+1; 

         xA=u[i][1]; 

         yA=u[i][2]; 
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         zA=u[i][3]; 

         id1=u[i][5]; 

         fprintf(jou,"volume subtract %cvolume.1%c volumes %cvolume.%i%c 

keeptool\n",quote,quote,quote,vol,quote); 

    } 

 

    fprintf(jou,"save\n"); 

  fprintf(jou,"volume subtract %cvolume.1%c volumes %cvolume.4%c 

keeptool\n",quote,quote,quote,quote); 

 

  fprintf(jou,"volume delete %cvolume.2%c lowertopology\n",quote,quote); 

  fprintf(jou,"volume delete %cvolume.3%c lowertopology\n",quote,quote); 

  fprintf(jou,"volume delete %cvolume.5%c lowertopology\n",quote,quote); 

  fprintf(jou,"save\n"); 

 

    return 0; 

} 

/*-----------------------------------------------------------------------------------------------------------*/ 

 

Appendix IV :  C Codes for simulations with cylinders 

Geometry generation with cylindrical particles 

 

#include <stdio.h> 

#include <stdlib.h> 

#include <math.h> 

 

 

/*------------------------- INPUT VARIABLES----------------------------*/ 

double u[5000][5]; 

char *date; 

int Reactor_r=30;                     //the radius of the reactor in the xy plane in mm 

int Reactor_h=300;                    //the height of the reactor in the z direction in mm 

char *inname="cylinders.txt";    //name of ESyS output file 

char *outname="output.txt";          //name of output sorted data 

char *jouname=" cylinders.jou";         //name of the jou file 

 

 

//special attention should be given to the dimension of the array if the spheres exceed the number of 

//5000 

 

int i,j,k,endi,vol; 

int spheres; 
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double val_i1=0; 

double val_i2=0; 

double val_i3=0; 

double val_i4=0; 

double val_j1=0; 

double val_j2=0; 

double val_j3=0; 

double val_j4=0; 

double id1=0; 

double id2=0; 

double xA,yA,zA; 

double xB,yB,zB; 

char *header; 

char quote=(char)34; 

char slash=(char)47; 

char *arc_angles; 

char *arc_plane; 

double Dx,Dy,Dz,xy,f,f1,pi,w,f2; 

char *copy,*move; 

char *arc_angles_s; 

double new_r; 

double r,rh; 

double cylinder_h=20;                  //the height of cylindrical partical in the z direction in mm 

 

int main() 

{ 

//create txt and open it 

  FILE *input; 

  FILE *output; 

 

  input = fopen(inname,"r+"); 

  output = fopen(outname,"w"); 

 

  if (input == NULL) 

  { 

      printf("Problem opening file %s for reading.\n", inname); 

   } 

 

 

//read the particles,the first line 

  fscanf(input,"%d",&spheres); 

  printf("at last i read it,number of spheres %d.\n",spheres); 

 

//starting the loop for reading 

    for (i=1;i<=spheres;i++) 
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    { 

        for (j=1;j<=22;j++) 

        { 

             fscanf(input,"%lf",&u[i][j]); 

 

 

        } 

      } 

//printing the array 

 // printf("the array is\n"); 

 // for (i=1;i<=spheres;i++) 

 //   { 

  //      printf("%lf %lf %lf %lf %lf\n",u[i][1],u[i][2],u[i][3],u[i][4],u[i][5]); 

   // } 

  printf("________\n"); 

//close the file 

  fclose(input); 

//the sort loop 

  endi=spheres-1; 

  printf("the sort loop starts\n"); 

  for (i=1;i<=endi;i++) 

  { 

 

        for (j=i+1;j<=spheres;j++) 

        { 

          id1=u[i][5]; 

          id2=u[j][5]; 

          if (id2<id1) 

          { 

            val_i1=u[i][1]; 

            val_i2=u[i][2]; 

            val_i3=u[i][3]; 

            val_i4=u[i][4]; 

 

            val_j1=u[j][1]; 

            val_j2=u[j][2]; 

            val_j3=u[j][3]; 

            val_j4=u[j][4]; 

 

 

 

            u[i][1]=val_j1; 

            u[i][2]=val_j2; 

            u[i][3]=val_j3; 

            u[i][4]=val_j4; 
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            u[i][5]=id2; 

 

            u[j][1]=val_i1; 

            u[j][2]=val_i2; 

            u[j][3]=val_i3; 

            u[j][4]=val_i4; 

            u[j][5]=id1; 

            } 

        } 

    } 

//print the sort loop 

  for (i=1;i<=spheres;i++) 

  { 

     printf("%f %f %f %lf %f\n",u[i][1],u[i][2],u[i][3],u[i][4],u[i][5]); 

  } 

//write to the file the final data 

  for (i=1;i<=spheres;i++) 

  { 

     fprintf(output,"%f %f %f %f %f\n",u[i][1],u[i][2],u[i][3],u[i][4],u[i][5]); 

  } 

 

  fclose(output); 

//start generating the jou 

 

//fist comes the header 

 

//standard format of header 

 

FILE *jou; 

jou = fopen(jouname,"w"); 

 

  header="Journal File for GAMBIT 2.4.6, Database 2.4.4, ntx86 SP2007051421"; 

  date="File opened for write Fri Feb 26 18:33:17 2010."; 

  char *identif="creating";             //not necessary 

fprintf(jou,"%c %s\n",slash,header); 

fprintf(jou,"%c Identifier %c%s%c\n",slash,quote,identif,quote); 

fprintf(jou,"%c %s\n",slash,date); 

 

//stadard format of the first point vertex.1 

fprintf(jou,"vertex create %cvertex.1%c coordinates 0 0 0\n",quote,quote); 

 

 

//the reactor 

  arc_angles="startangle 0 endangle 360 center"; 

  arc_plane="xyplane arc"; 
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fprintf(jou,"edge create radius %d %s %cvertex.1%c 

%s\n",Reactor_r,arc_angles,quote,quote,arc_plane); 

fprintf(jou,"face create wireframe %cedge.1%c real\n",quote,quote); 

fprintf(jou,"volume create translate %cface.1%c vector 0 0 %d\n",quote,quote,Reactor_h); 

 

//the basic particle 

r=5; 

new_r=(3-pow(2,0.5))*r*0.5; 

cylinder_h=4*new_r;                  //the height of cylindrical partical in the z direction in mm 

 printf("%f %f %f\n",r,new_r,cylinder_h); 

fprintf(jou,"edge create radius %f %s %cvertex.1%c %s\n",new_r,arc_angles,quote,quote,arc_plane); 

fprintf(jou,"face create wireframe %cedge.3%c real\n",quote,quote); 

fprintf(jou,"volume create translate %cface.4%c vector 0 0 %f\n",quote,quote,cylinder_h); 

fprintf(jou,"volume move %cvolume.2%c offset 0 0 -%f\n",quote,quote,new_r); 

//the helpful sphere for the contact point VOLUME 3 

rh=1.1; 

 arc_angles_s="startangle 0 endangle 180 center"; 

fprintf(jou,"edge create radius %f %s %cvertex.1%c %s\n",rh,arc_angles_s,quote,quote,arc_plane); 

fprintf(jou,"edge create straight %cvertex.7%c %cvertex.6%c\n",quote,quote,quote,quote); 

fprintf(jou,"face create wireframe %cedge.6%c %cedge.5%c real\n",quote,quote,quote,quote); 

fprintf(jou,"volume create revolve %cface.7%c dangle 360 vector 1 0 0 origin 0 0 0\n",quote,quote); 

 

 

//start the loop of math,move,rotate e.t.c for the particles 

vol=3; 

for (i=1;i<=spheres;i=i+2) 

 { 

    vol=vol+1; 

    j=i+1; 

      xA=u[i][1]; 

      yA=u[i][2]; 

      zA=u[i][3]; 

 

      xB=u[j][1]; 

      yB=u[j][2]; 

      zB=u[j][3]; 

 

      Dx=xB-xA; 

      Dy=yB-yA; 

      Dz=zB-zA; 

 

      xy=pow((pow(Dx,2)+pow(Dy,2)),0.5); 

      f=atan(fabs(Dy/Dx)); 

      w=atan(fabs(Dz/xy)); 
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      pi=4*atan(1); 

 

    //  printf("%f %f %f rads %lf\n",Dx,Dy,xy,f); 

      copy="volume cmove"; 

      move="volume move"; 

 

      if (Dz>0) 

       { 

         f2=90-(w*180/pi); 

         fprintf(jou,"%s %cvolume.2%c multiple 1 dangle %f vector 0 1 0 origin 0 0 

0\n",copy,quote,quote,f2); 

       } 

      if (Dz<0) 

       { 

         f2=90+(w*180/pi); 

         fprintf(jou,"%s %cvolume.2%c multiple 1 dangle %f vector 0 1 0 origin 0 0 

0\n",copy,quote,quote,f2); 

       } 

 

      // printf("%f %f\n",f2,pi); 

 

      if (Dx>0&&Dy>0) 

       { 

         f1=f*180/pi; 

        fprintf(jou,"%s %cvolume.%d%c dangle %f vector 0 0 1 origin 0 0 0\n",move,quote,vol,quote,f1); 

        } 

      if (Dx<0&&Dy>0) 

       { 

          f1=(f*180/pi)-180; 

         fprintf(jou,"%s %cvolume.%d%c dangle %f vector 0 0 1 origin 0 0 0\n",move,quote,vol,quote,f1); 

        } 

      if (Dx<0&&Dy<0) 

       { 

          f1=(f*180/pi)+180; 

         fprintf(jou,"%s %cvolume.%d%c dangle %f vector 0 0 1 origin 0 0 0\n",move,quote,vol,quote,f1); 

        } 

      if (Dx>0&&Dy<0) 

       { 

          f1=360-(f*180/pi); 

         fprintf(jou,"%s %cvolume.%d%c dangle %f vector 0 0 1 origin 0 0 0\n",move,quote,vol,quote,f1); 

        } 

 

     // printf("%f %f\n",f1,pi); 

 

      if (vol>spheres-2) 
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       { 

           break; 

       } 

 

fprintf(jou,"volume delete %cvolume.2%c lowertopology\n",quote,quote); 

    return 0; 

} 

/*-----------------------------------------------------------------------------------------------------------*/ 

 

 

Appendix V :  Mesh generation for cylinders (model 

spheres case study) 

1. Contact at the periphery of two cylinders 

(Tube 60x50cm containing 5 cylinders that were not in contact and two in contact 

.dimension of cylinders 10x15 cm)  

In the following cases, worst and best case of touching cylinders at the periphery of 

their surface, the mesh generated without model spheres and with model spheres will 

be presented. 

 

1.1 Without model spheres 

 

1.1.1 The worst case: 

Two cylinders were examined. One contact point in the periphery of the first 

vertical cylinder while the second was turned 5 degrees in the zx plane 

 

Subtract: 

- No subtract one another because only one contact point 

- No virtual faces or edges while subtract from the tube 

 

Mesh particles: 

-Cooper mesh for the cylinders was created without a problem for any size 

-T- Grid mesh could not be created for any size but with the procedure 

explained afterwards it worked .Sometimes it is also possible that Gambit 

doesn‟t t work properly. 

  

Mesh the tube: 
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No mesh could be created with the meshed particles by Cooper. 

 

Error: TG mesh domain failed with error code 1 

Error: Tetrahedral meshing has failed for volume 61. This is usually caused by 

problems in the face meshes .Check the skewness of your face meshes and 

make sure the face meshes sizes are not too large in areas of small gaps. 

 

Particles 

mesh size 

Tube 

mesh size 

Number of 

cells 

Number of  

h.s elements 

Worst 

element 

1 1 918.333 8 0.999998 

2 1 244.058 3 0.999899 

3 1 160.92 2 0.999971 

4 1 152.443 4 0.999707 

     

1 2 237.759 8 0.999998 

2 2 130.545 3 0.999899 

3 2 52.531 2 0.999971 

4 2 41.35 3 0.999707 

     

1 3 169.983 9 0.999998 

2 3 58.701 3 0.999899 

3 3 34.335 2 0.999971 

4 3 25.607 3 0.999707 

     

1 4 147.329 12 0.999998 

2 4 34.916 3 0.999899 

3 4 20.119 2 0.999971 

4 4 17.423 3 0.999707 

 

 

1.1.2 The best case: 

Two cylinders were examined. One contact point in the periphery of the first 

vertical cylinder while the second was turned 45 degrees in the zx plane. The 

contact point and the first vertical cylinder were at the same position as 

before. One of the other cylinders with no contact points had to be moved.  

 

Subtract: 

- No subtract one another because only one contact point 

- No virtual faces or edges while subtract from the tube 
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Mesh particles: 

-Cooper mesh for the cylinders was created without a problem for any size 

-T- grid mesh could be created with a specific procedure: 

 

* Trying to unlink and delete mesh volumes, faces, edges the cylinders and 

then mesh the face that had the problem by meshing the edge and after the 

face did not work out. The procedure that was finally appropriate is by 

meshing the face of the circle that can be meshed then the periphery and 

then the face of the circle that has the problem. After meshing the volume you 

can obtain a mesh with a scheme of t-grid 

 

Mesh the tube: 

-No mesh could be created with the meshed particles by Cooper and T-grid  

- T-grid and T-grid meshed 

 

Particles 

mesh size 

Tube 

mesh size 

Number of 

cells 

Number of  

h.s elements 

Worst 

element 

1 1 918.013 3 0.999998 

2 1 244.062 1 0.999899 

3 1 161.414 2 0.999971 

4 1 151.929 2 0.999707 

     

1 2 238.451 3 0.999998 

2 2 130.717 1 0.999899 

3 2 52.218 2 0.999971 

4 2 41.06 1 0.999707 

     

1 3 170.621 4 0.999998 

2 3 58.672 1 0.999899 

3 3 34.199 2 0.999971 

4 3 25.482 1 0.999707 

     

1 4 147.359 7 0.999998 

2 4 34.737 1 0.999899 

3 4 20.103 2 0.999971 

4 4 17.475 1 0.999707 

 

 

1.2 With model spheres 

When spheres are created no cooper scheme can be used. 
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1.2.1 The worst case :  

Two cylinders were examined. One contact point in the periphery of the first 

vertical cylinder while the second was turned 5 degrees in the zx plane 

 

 For sphere 0,1.: 

           Way 1. Subtract sphere from the cylinder and retain the sphere 

Subtract 1: 

- No virtual faces or edges while subtract sphere from the cylinder 

Subtract 2: 

- No virtual faces or edges (Gambit2.uni.) 

 

Mesh particles: 

-Cooper mesh for the cylinders is not available with spheres. 

-T- grid mesh could be created the specific procedure 

-Mesh volume of the sphere 20  

 

Mesh the tube: 

-Tgrid 1-1 did not work 

Error: TG mesh domain failed with error code 1 

Error: Tetrahedral meshing has failed for volume 61.This is usually caused by 

problems in the face meshes .Check the skewness of your face meshes and 

make sure the face meshes sizes are not too large in areas of small gaps. 

 

-Tgrid 1-2 did not work 

Because the volume in angle with the contact point has 4 skewed elements 

the worst of which is 0,97528 so the tube can not be meshed with error. 

Error: Meshing volume 61 aborted due to poor mesh quality 

Error. The user may proceed by first meshing the faces with the poor mesh 

quality or attempt to mesh the volume with the existing face meshes  

 

As the mesh size of the particles increases so does the number of highly 

skewed elements, no attempts will be made for further analysis for the sphere 

0,1. 

 

Way 2. Subtract cylinder from the sphere and retain the cylinder 

Virtual edges 
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 For sphere 0,2.: 

Way 1. Subtract sphere from the cylinder and retain the sphere 

Subtract 1: 

- No virtual faces or edges while subtract sphere from the cylinder 

Subtract 2: 

- No virtual faces or edges while subtract from the tube (Gambit2.uni) 

 

Mesh particles: 

-Cooper mesh for the cylinders is not available with spheres. 

-T- grid mesh could be created the specific procedure 

-Mesh volume of the sphere 24 

-Mesh of volume in angle contains 17 h.el. for tgid.1 for larger size no h.s.el. 

 

Mesh the tube: 

-Tgrid 1-1 did not work  

 -Tgrid 2-1  

As the mesh size of the particles increases so does the number of highly 

skewed elements, no attempts will be made for further analysis for the sphere 

0,1. 

 

Particles 

mesh size 

Tube 

mesh size 
Number of cells 

Number of  h.s 

elements 
Worst element 

1 1 X X X 

2 1 246.545 27 0.999267 

3 1 162.827 29 0.99965 

     

1 2 X X X 

2 2 133.141 29 0.999267 

3 2 53.247 29 0.99965 

     

1 3 X X X 

2 3 60.461 27 0.999267 

3 3 35262 29 0.99965 

     

1 4 X X X 

2 4 36841 27 0.999267 

3 4 21091 29 0.99965 

 

Way 2. Subtract cylinder from the sphere and retain the cylinder 

Virtual edges were created. 
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 For sphere 0,3.: 

Way 1. Subtract sphere from the cylinder and retain the sphere 

Subtract 1: 

- No virtual faces or edges while subtract sphere from the cylinder 

Subtract 2: 

- No virtual faces or edges (Gambit2.uni). 

 

Mesh particles: 

-Cooper mesh for the cylinders is not available with spheres. 

-T- grid mesh could be created the specific procedure 

-Mesh volume of the sphere 24 

Mesh of volume in angle contains could not be meshed at all with interval size 

of 1 but after 2 it could 

 

Mesh the tube: 

-Tgrid 1-1 did not work  

-Tgrid 2-1  

 

As the mesh size of the particles increases so does the number of highly 

skewed elements, no attempts will be made for further analysis for the sphere 

0,1. 

Particles 

mesh size 

Tube 

mesh size 

Number of 

cells 

Number 

of  h.s 

elements 

Worst 

element 

1 1 X X X 

2 1 245.988 17 0.998747 

Way 2. Subtract cylinder from the sphere and retain the cylinder 

                        Virtual edges 

 

 For sphere 0,8: 

Way 1. Subtract sphere from the cylinder and retain the sphere 

Subtract 1: 

- No virtual faces or edges while subtract sphere from the cylinder 

Subtract 2: 

- No virtual faces or edges (Gambit2.uni). 

 

Mesh particles: 
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-Cooper mesh for the cylinders is not available with spheres. 

-T- grid mesh could be created only for 1 .Problems occurred from 2 

-T- grid mesh could be created with the above procedure. Tri pave surface 

scheme was used for the problematic surfaces, which were successfully 

meshed after many repetitions. 

-Mesh volume of the sphere 26 

 

Mesh the tube: 

-Meshing the tube ended in many high skewed elements that is really 

undesirable in this case study. The tube will contain hundreds of particles and 

more than double contact points, so meshes with zero high elements will be 

preferred. 

Particles 

mesh size 

Tube 

mesh size 

Number of 

cells 

Number 

of  h.s 

elements 

Worst 

element 

1 1 866.233 1 0.992396 

2 1 245.646 3 0.995245 

3 1 161.969 3 0.995677 

4 1 150.939 4 0.99649 

     

1 2 237737 1 0.992396 

2 2 131.737 3 0.995245 

3 2 52.945 3 0.995677 

4 2 38.205 3 0.99649 

     

1 3 168.382 2 0.992396 

2 3 59.011 3 0.995245 

3 3 34.825 3 0.995677 

4 3 21.871 3 0.99649 

     

1 4 146.605 5 0.992396 

2 4 35.451 3 0.995245 

3 4 20.561 3 0.995677 

4 4 16.889 3 0.99649 

Way 2. Subtract cylinder from the sphere and retain the cylinder                        

No virtual edges. But the sphere cannot be meshed. 

 

 For sphere 1,0: 

Way 1. Subtract sphere from the cylinder and retain the sphere 
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Subtract 1: 

- No virtual faces or edges while subtract sphere from the cylinder 

Subtract 2: 

- No virtual faces or edges (Gambit2.uni). 

Mesh particles: 

-Cooper mesh for the cylinders is not available with spheres. 

-T-grid mesh could be easily created 

-Mesh volume of the sphere 39 

 

Mesh the tube: 

-T-grid from 3-1 works .In order to mesh the volume in angle the above 

procedure was followed and size functions were ignored. 

 

-The tube is meshed with zero high elements only when particles have a 

mesh size of 3. 

 

Particles 

mesh size 

Tube 

mesh size 

Number of 

cells 

Number of  

h.s elements Worst element 

     

1 1 914.163 2 0.997814 

2 1 245.168 3 0.993799 

3 1 160.964 0 0.944889 

4 1 150.641 5 0.995081 

     

1 2 236.263 2 0.997814 

2 2 131.484 3 0.993799 

3 2 52.593 0 0.937893 

4 2 38.232 4 0.995081 

     

1 3 166.547 3 0.997814 

2 3 58890 3 0.993799 

3 3 34.761 0 0.947047 

4 3 21929 4 0.995081 

     

1 4 144.776 6 0.997814 

2 4 35.362 3 0.993799 

3 4 20.194 0 0.95674 

4 4 17064 4 0.995081 
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Way 2. Subtract cylinder from the sphere and retain the cylinder.No virtual 

faces or edges but the volume is too small to be meshed even with size of 1 

 

 For sphere 1,1: 

Way 1. Subtract sphere from the cylinder and retain the sphere 

Subtract 1: 

- No virtual faces or edges while subtract sphere from the cylinder 

Subtract 2: 

- No virtual faces or edges (Gambit2.uni). 

 

Mesh particles: 

-Cooper mesh for the cylinders is not available with spheres. 

-T-grid mesh could be easily created 

-Mesh volume of the sphere 30 

 

Mesh the tube: 

-T-grid works. 

Particles 

mesh size 

Tube 

mesh size 

Number of 

cells 

Number 

of  h.s 

elements 

Worst 

element 

1 1 916.537 1 0.989839 

2 1 236.259 0 0.943596 

3 1 161.543 0* 0.944889 

4 1 151.983 8 0.993282 

     

1 2 234.573 1 0.989839 

2 2 131465 0 0.943596 

3 2 52.815 0* 0.939851 

4 2 39.638 5 0.993282 

     

1 3 164.918 2 0.989839 

2 3 59.348 0* 0.947047 

3 3 34.646 0* 0.947047 

4 3 23.806 5 0.993282 

     

1 4 143.231 4 0.989839 

2 4 35.414 0* 0.95674 

3 4 20.311 0* 0.95674 

4 4 17.757 5 0.993282 
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* It means that the worst point lays not in the contact point but on the volume 

closest to the outlet surface. 

 

Way 2. Subtract cylinder from the sphere and retain the cylinder. No virtual 

faces or edges but the volume is too small to be meshed even with size of 1 

 

 For sphere 1,2: 

Way 1. Subtract sphere from the cylinder and retain the sphere 

Subtract 1: 

- No virtual faces or edges while subtract sphere from the cylinder 

Subtract 2: 

- No virtual faces or edges (Gambit2.uni). 

 

Mesh particles: 

-Cooper mesh for the cylinders is not available with spheres. 

-T- grid mesh could be easily created 

-Mesh volume of the sphere 30 

 

Mesh the tube: 

-Tgrid works  
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Particles 

mesh size 

Tube 

mesh size 

Number of 

cells 

Number 

of  h.s 

elements Worst element 

1 1 916.537 1 0.989839 

2 1 236.259 0 0.943596 

3 1 161.543 0* 0.944889 

4 1 151.983 8 0.993282 

     

1 2 234.573 1 0.989839 

2 2 131465 0 0.943596 

3 2 52.815 0* 0.939851 

4 2 39.638 5 0.993282 

     

1 3 164.918 2 0.989839 

2 3 59.348 0* 0.947047 

3 3 34.646 0* 0.947047 

4 3 23.806 5 0.993282 

     

1 4 143.231 4 0.989839 

2 4 35.414 0* 0.95674 

3 4 20.311 0* 0.95674 

4 4 17.757 5 0.993282 

* It means that the worst point lays not in the contact point but on the volume 

closest to the outlet surface. 

 

Way 2. Subtract cylinder from the sphere and retain the cylinder. No virtual 

faces or edges but the volume is too small to be meshed even with size of 1 

 

 For sphere 1,3: 

Way 1. Subtract sphere from the cylinder and retain the sphere 

Subtract 1: 

- No virtual faces or edges while subtract sphere from the cylinder 

Subtract 2: 

- No virtual faces or edges while subtract (Gambit2.uni.) 

 

Mesh particles: 

-Cooper mesh for the cylinders is not available with spheres. 

-T- grid mesh could be easily created 
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Mesh the tube: 

-Tgrid works . 

 

Particles 

mesh size 

Tube 

mesh size 

Number of 

cells 

Number of  

h.s elements 

Worst 

element 

skweness at 

contact point 

1 1 650.34 0 0.960138 0.960138 

2 1 244.62 0 0.932018 0.932018 

3 1 161.315 0* 0.944889 0.932018 

4 1 151.594 4 0.992191 0.992191 

      

1 2 228.842 5* 0.990647 0.960138 

2 2 130.545 0 0.932018 0.932018 

3 2 52232 0 0.936787 0.936787 

4 2 40.144 3 0.992191 0.992191 

      

1 3 160.468 15* 0.995401 0.960138 

2 3 58.406 0* 0.947047 0.932018 

3 3 34.495 0* 0.947047 0.932018 

4 3 24.128 3 0.992191 0.992191 

      

1 4 137.717 24* 0.999218 0.960138 

2 4 34.721 0* 0.95674 0.932018 

3 4 20.233 0* 0.95674 0.932018 

4 4 17.492 3 0.992191 0.992191 

 

* It means that the worst point lays not in the contact point but on the volume 

closest to the outlet surface. 

 

Way 2. Subtract cylinder from the sphere and retain the cylinder. No virtual 

faces or edges but the volume is too small to be meshed even with size of 1 

 

 For sphere 1,5: 

Way 1. Subtract sphere from the cylinder and retain the sphere 

Subtract 1: 

- No virtual faces or edges while subtract sphere from the cylinder 

Subtract 2: 

- No virtual faces or edges (Gambit2.uni). 

 

Mesh particles: 
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-Cooper mesh for the cylinders is not available with spheres. 

-T- grid mesh could be created with the above procedure and map tri pave  on 

the problematic surfaces  

-Mesh volume of the sphere 30  

 

Mesh the tube: 

-The worst element on case 1-3 and 1-4 the worst element appears near the 

outlet surface and the closed cylinder. 

 

Particles 

mesh size 

Tube 

mesh size 

Number of 

cells 

Number of  

h.s elements 

Worst 

element 

1 1 656.931 0 0.957184 

2 1 245.325 2 0.987631 

3 1 161.371 2 0.989881 

4 1 151.999 4 0.990292 

     

1 2 233.692 0 0.957184 

2 2 130.978 2 0.987631 

3 2 56.655 2 0.989881 

4 2 40.771 3 0.990292 

     

1 3 164.433 1* 0.971269 

2 3 58.874 2 0.987631 

3 3 34.462 2 0.989881 

4 3 24.847 3 0.990292 

     

1 4 142.531 4 0.982793 

2 4 35.425 2 0.987631 

3 4 20.4 2 0.989881 

4 4 17.589 3 0.990292 

 

Way 2. Subtract cylinder from the sphere and retain the cylinder. No virtual 

faces or edges but the volume is too small to be meshed even with size of 1 

 

CONCLUSIONS: 

 When two cylinders have their contact point in their periphery then the 

contact point can be replaced by a sphere. the radius of the sphere depends 

on the mesh size that will be chosen . The minimum radius for which we have 

no highly skewed elements is: 
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Tgrid 1-1: sphere 1,2 

Tgrid 2-1: sphere 1,1 

Tgrid 3-1: sphere 1 

Tgrid 4-1: sphere over 1,5 

Tgrid 1-2: sphere 1,2 

Tgrid 2-2: sphere 1,1 

Tgrid 3-2: sphere 1 

Tgrid 4-2: sphere over  1,5 

Tgrid 1-3: sphere 1,2 

Tgrid 2-3: sphere 1,1 

Tgrid 3-3: sphere 1 

Tgrid 4-3: sphere over 1,5 

Tgrid 1-4: sphere 1,2 

Tgrid 2-4: sphere 1,1 

Tgrid 3-4: sphere 1 

Tgrid 4-4 :sphere over 1,5 

 

 

Criteria: 

 The smallest sphere possible.(because we may have convergence 

problems that may be provoqued by the continuity equation and also 

more realistic model with the less volume instead of contact point. 

 

 The size of grid that will give independent solutions .Here we should 

bare in mind that we will simulate with a laminar flow (not so fine grid) 

 

 We have to decide by try and error maybe in Fluent which is the best 

resolution more accurate surface mesh on the particles , equality or 

more accurate fluid mesh . 

 

***No confusion to be caused the high elements that occur due to the 

geometry that was chosen and not due to the contact points replaced by 

spheres have one * that means that the skewness in the contact point is 

under 0,97 and sometimes much more low. 

 

1.2.2 The best case :  

The comparison with the best case will be done for  the cases 1-1,1-1,2: 
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 For sphere 1.0: 

 

Particles 

mesh size 

Tube 

mesh size Number of cells 

Number of  

h.s elements Worst element 

1 1 914.477 0 0.855421 

2 1 X X X 

3 1 163.588 0* 0.944889 

4 1 X X X 

     

1 2 236.307 0 0.861591 

2 2 X X X 

3 2 54.893 0 0.942219 

4 2 X X X 

     

1 3 167.012 1* 0.971269 

2 3 X X X 

3 3 34.588 0* 0.947047 

4 3 X X X 

     

1 4 144.868 4* 0.982793 

2 4 X X X 

3 4 20216 0* 0.95674 

4 4 X X X 

 

The tube could not be meshed when the mesh size of the cylinders is 2 or 4. 

The error that Gambit shows is : 

 

Error: TG mesh domain failed with error code 1 

Error: Tetrahedral meshing has failed for volume 61.This is usually caused by 

problems in the face meshes .Check the skewness of your face meshes and 

make sure the face meshes sizes are not too large in areas of small gaps. 

The face meshes were checked and the worst 2´D element found to be 0,77. 

 

 For sphere 1.1: 
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Particles 

mesh 

size 

Tube 

mesh 

size 

Number 

of cells 

Number 

of  h.s 

elements 

Worst 

element 

1 1 651.442 0* 0.905233 

2 1 245.739 0 0.884926 

3 1 163.592 0* 0.944889 

4 1 152.442 1* 0.976807 

     

1 2 229.395 5* 0.990647 

2 2 130.897 0 0.884926 

3 2 54.806 0 0.900849 

4 2 39.727 0* 0.909503 

     

1 3 159.302 15* 0.995401 

2 3 59.113 0* 0.947047 

3 3 34.417 0* 0.947047 

4 3 23.824 0* 0.947047 

     

1 4 138.564 24* 0.999218 

2 4 35.639 0* 0.95674 

3 4 20.22 0* 0.95674 

4 4 17.647 0* 0.95674 

     

 

 For sphere 1,2: 
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Particles 

mesh size 

Tube 

mesh size Number of cells 

Number of  

h.s 

elements Worst element 

1 1 916.559 0* 0.791742 

2 1 244.573 0 0.900276 

3 1 163.646 0* 0.944889 

4 1 151.363 1* 0.976807 

     

1 2 238.396 0* 0.861591 

2 2 130.992 0 0.900276 

3 2 54.919 0 0.885012 

4 2 39.934 0 0.942185 

     

1 3 168.591 1* 0.971269 

2 3 59.224 0* 0.947047 

3 3 54.919 0* 0.947047 

4 3 23.959 0* 0.947047 

     

1 4 147.052 4* 0.982793 

2 4 35.168 0* 0.95674 

3 4 20.182 0* 0.95674 

4 4 17.644 0* 0.95674 

 

No problem occurs with the skewness of the best case and with the exception 

of meshing problems of the sphere 1.0. We conclude that the worst case will 

determine the choice of the spheres. For the contact points at the periphery, 

model spheres will be used to simulate contact points. 

 

 

1. Contact at the circular surfaces of two cylinders 

 

2.1 Position1: 100% touch between the two circular surfaces 

 

 For sphere 1,0: 

Subtract : 

- No virtual faces or edges while subtract sphere from the cylinder 

- No virtual faces or edges (Gambit2.uni). 

 

Mesh particles: 

-Cooper mesh for the cylinders is not available with spheres. 

-T- grid mesh could be easily created 
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-Mesh volume of the sphere 30 

 

Mesh the tube: 

-T-grid works for all the cases 

For T-Grid 1-1 one highly skewed element appears on the sphere 

Particles 

mesh size 

Tube 

mesh 

size Number of cells 

Number of  

h.s 

elements Worst element 

1 1 918.92 1 0.989839 

2 1 235.895 0* 0.943603 

3 1 161.486 0* 0.944889 

4 1 151.831 8 0.993282 

     

1 2 262.752 1 0.989839 

2 2 131.113 0* 0.943603 

3 2 52.63 0 0.939851 

4 2 39.826 7 0.993282 

     

1 3 197.924 2 0.989839 

2 3 62.248 0* 0.947047 

3 3 34.521 0* 0.947047 

4 3 23.664 5 0.993282 

     

1 4 177.982 5 0.989839 

2 4 40.517 0* 0.95674 

3 4 20.955 0* 0.95674 

4 4 17.759 5 0.993282 

 

The two cylinders added, influenced the mesh of the tube, thus the mesh was 

created only for the sizes 2-1, 3-1, 2-2, 3-2, 2-3, 3-3, 2-4, 3-4. 

 

* It means that the worst point lays not in the contact point but on the volume 

closest to the outlet surface. 

 

2.2 Position2: 50% touch between the two circular surfaces 

 

 For sphere 1,1: 

Subtract: 

- No virtual faces or edges while subtract sphere from the cylinder 
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- Virtual edges occurred while subtract from the tube even if Gambit2.uni was 

used for lower tolerance. 

 

Solution: Unite volumes (and not retain). After uniting the two volumes no 

virtual faces or edges occurred. 

 

Mesh particles: 

-Cooper mesh for the cylinders is not available with spheres. 

-T- grid mesh could be easily created 

-Mesh volume of the sphere 30 

 

Mesh the tube: 

-T-grid works. For T-Grid 1-1 one highly skewed element appears on the 

sphere. 

Particles 

mesh size 

Tube 

mesh size Number of cells 

Number 

of  h.s 

elements Worst element 

1 1 873.163 1 0.989839 

2 1 230.573 0 0.943603 

3 1 158.112 0* 0.944889 

4 1 149.439 8 0.993282 

     

1 2 287.825 1 0.989839 

2 2 131.139 0 0.943603 

3 2 47.11 0 0.939851 

4 2 36.864 7 0.993282 

     

1 3 227.585 2 0.989839 

2 3 52.505 0* 0.947047 

3 3 31.557 0* 0.947047 

4 3 20.222 6 0.993282 

     

1 4 210.311 4 0.989839 

2 4 45.533 0* 0.95674 

3 4 21.766 0* 0.95674 

4 4 14.791 5 0.993282 

 

 



  Appendix    

  166 

The two cylinders added, influenced the mesh of the tube, thus the mesh was 

created only for the sizes 2-1, 3-1, 2-2, 3-2, 2-3, 3-3, 2-4, 3-4. 

 

* It means that the worst point lays not in the contact point but on the volume 

closest to the outlet surface. 

 

2.3 Position3: touch between the two circular surfaces 

In this position, the one cylinder was moved more than 5mm. 

 

 For sphere 1,1: 

Subtract: 

- No virtual faces or edges while subtract sphere from the cylinder 

- Virtual edges occurred while subtract from the tube even if Gambit2.uni was 

used for lower tolerance. 

 

Solution: Unite volumes (and not retain). After uniting the two volumes no 

virtual faces or edges occurred. 

 

Mesh particles: 

-Cooper mesh for the cylinders is not available with spheres. 

-T- grid mesh could be easily created 

-Mesh volume of the sphere 30 

 

Mesh the tube: 

-T-grid works .In order to mesh the volume in angle the above procedure was 

followed. 

For T-Grid 1-1 one highly skewed element appears on the sphere. 
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Particles 

mesh size 

Tube 

mesh size Number of cells 

Number of  

h.s 

elements Worst element 

1 1 876.981 1 0.989839 

2 1 225.259 0 0.943596 

3 1 157.386 0* 0.967393 

4 1 147.559 10 0.993282 

     

1 2 311.882 1 0.989839 

2 2 127.071 0 0.943596 

3 2 47.354 0 0.939851 

4 2 36.961 5 0.993282 

     

1 3 254.85 2 0.989839 

2 3 67.817 0* 0.947047 

3 3 31.914 0* 0.947047 

4 3 20.507 5 0.993282 

     

1 4 238.495 23 0.989839 

2 4 49.405 0* 0.95674 

3 4 22.468 0* 0.95674 

4 4 15.074 5 0.993282 

 

 

The two cylinders added, influenced the mesh of the tube, thus the mesh was 

created only for the sizes 2-1, 3-1, 2-2, 3-2, 2-3, 3-3, 2-4, 3-4. 

 

* It means that the worst point lays not in the contact point but on the volume 

closest to the outlet surface. 

 

2.4 Position4: touch between the one vertical and one horizontal 

cylinder 

 

 For sphere 1,1: 

Subtract : 

- No virtual faces or edges while subtract sphere from the cylinder 

- No virtual edges occurred (Gambit2.uni). 
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Mesh particles: 

-Cooper mesh for the cylinders is not available with spheres. 

-T- grid mesh could be easily created 

-Mesh volume of the sphere 30 

 

Mesh the tube: 

-35 highly skewed elements occurred when the geometry was meshed with t-

grid 1-1 and the 34 of them belonged to the touching surfaces of the vertical 

and the horizontal cylinder 

- The surface should be decreased. The geometry will not be very realistic but 

a mesh can be created. A compromise between the real flow and the 

conductivity is hard to be achieved. A sphere between the two surfaces or the 

transport of one of the two in order to get in the other –subtract 1 and 2 can 

be the two ways of facing the problem. 

 

Solution 1: The transport of one of the cylinders is chosen here  

 

Particles 

mesh size 

Tube 

mesh size Number of cells 

Number of  h.s 

elements Worst element 

1 1 881.739 1 0.989839 

2 1 227.499 0+ 0.946725 

3 1 158.392 0* 0.967393 

4 1 147.887 10 0.993282 

     

1 2 333.842 1+2 0.989839 

2 2 128.264 0* 0.943603 

3 2 47.958 0 0.934471 

4 2 37.517 6 0.993282 

     

1 3 279.725 1+5 0.989839 

2 3 70.618 0* 0.947047 

3 3 X X X 

4 3 X X X 

     

1 4 264.386 1+7+9 0.989839 

2 4 53.361 0* 0.95674 

3 4 X X X 

4 4 X X X 

 



  Appendix    

  169 

The two cylinders added, influenced the mesh of the tube, thus the mesh was 

created only for the sizes 2-1, 3-1, 2-2, 3-2, 2-3, 2-4. 

 

*It means that the worst point lays not in the contact point but on the volume 

closest to the outlet surface. 

+ It means that the worst point lays in the surface of the two volumes in 

contact. 

 

Solution 2 

One of the cylinders is moved 0,5mm and then a sphere of radius 1,1mm is 

created representing the contact between the cylinders.  

 

Particles 

mesh size 

Tube 

mesh size 

Number of 

cells 

Number of  

h.s elements 

Worst 

element 

1 1 885.394 1 0.989839 

2 1 226.486 0 0.943596 

3 1 157.088 0* 0.967393 

4 1 147.261 12 0.993282 

     

1 2 341.54 1 0.989839 

2 2 127.829 0 0.943596 

3 2 47.894 0+ 0.961042 

4 2 37.485 6 0.993282 

     

1 3 288.777 2 0.989839 

2 3 71.774 0* 0.947047 

3 3 32.561 0+ 0.961042 

4 3 21.112 5 0.993282 

     

1 4 274.138 20 0.989839 

2 4 53.922 0* 0.95674 

3 4 23.482 0+ 0.961042 

4 4 15.7 5 0.993282 

 

The two cylinders added, influenced the mesh of the tube, thus the mesh was 

created only for the sizes 2-1, 3-1, 2-2, 3-2, 2-3, 3-3, 2-4, 3-4. 

 

With the second solution we managed to create a mesh for 3-3 and 3-4 also 

but we still have to decide which is a more realistic solution. We should also 
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mention that adding this sphere (solution 2) the conductivity coefficient can be 

modified for these surfaces as they have a larger contact area. Additionally 

the case where the vertical cylinder „s surface is not completely in contact 

with that of the horizontal is included to the results of position 4.The results 

show that it s a slightly worse position. 

Particles 

mesh size 

Tube 

mesh size 

Number of 

cells 

Number of  

h.s 

elements 

Worst 

element 

1 1 884.975 1 0.989839 

2 1 224.688 0 0.943596 

3 1 154.99 1+ 0.970455 

4 1 145.882 21 0.993282 

     

1 2 340.402 1 0.989839 

2 2 128.338 0 0.943596 

3 2 47.494 1+ 0.970455 

4 2 37.034 5 0.993282 

     

1 3 288.743 5 0.989839 

2 3 71.541 0* 0.947047 

3 3 32.616 1+ 0.970455 

4 3 21.013 5 0.993282 

     

1 4 272.915 132* 0.997158 

2 4 53.922 4* 0.981093 

3 4 23.52 3(1+) 0.961042 

4 4 15.848 5 0.993282 

 

2.5 Position5: cylinders in parallel  

 

 For sphere 1,1 : 

Subtract : 

- No virtual faces or edges while subtract sphere from the cylinder 

- No virtual edges occurred while subtract from the tube even if Gambit2.uni 

was used for lower tolerance . 

 

Mesh particles: 

-Cooper mesh for the cylinders is not available with spheres. 

-T- grid mesh could be easily created 
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-Mesh volume of the sphere 30 

 

Mesh the tube: 

Leaving the geometry as designed with contact points and subtracting the 

cylinders from the tube. We conclude that only 2-2,2-3,3-3,2-4,3-4 t-grid 

works as shown in the table. 

Particles 

mesh size 

Tube 

mesh size 

Number of 

cells 

Number of  

h.s 

elements 

Worst 

element 

     

1 1 918.8621 1 0.989839 

2 1 231.713 18+ 0.997252 

3 1 162.629 31+ 0.998612 

4 1 152.623 63+ 0.997776 

     

1 2 360.908 7 0.995505 

2 2 128.656 0* 0.943603 

3 2 48.854 1+ 0.984146 

4 2 38.742 6 0.993282 

     

1 3 305.46 10 0.989839 

2 3 67.896 0* 0.947047 

3 3 32.842 0* 0.96087 

4 3 21.489 5 0.993282 

     

1 4 294.253 40 0.989839 

2 4 56.195 0+ 0.965078 

3 4 23.93 0* 0.96087 

4 4 15.911 6 0.993282 

 

 

The two cylinders added influenced the mesh of the tube so that mesh 

worked only for the sizes 2-2, 2-3,3-3, 2-4,3-4 . 

 

 

*It means that the worst point lays not in the contact point but on the volume 

closest to the outlet surface. 

+ It means that the worst point lays in the surface of the two volumes in 

contact. 
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The influence of the parallel clylinders can be decreased either by uniting 

them before subtracting from the tube, either by moving them and subtract 

each other before subtracting from the tube or by adding another geometry 

between them. 

 

Choosing the most realistic solution of the above mentioned we obtained 

these results that are certainly better. 

 

Solution: Uniting the two parallel vertical cylinders before subtracting from the 

tube  

Particles 

mesh size 

Tube 

mesh size 

Number of 

cells 

Number of  

h.s 

elements 

Worst 

element 

1 1 937.284 1 0.989839 

2 1 226.679 0* 0.943596 

3 1 155.415 0* 0.967393 

4 1 145.81 13 0.993282 

     

1 2 366.412 1 0.989839 

2 2 128.724 0* 0.943596 

3 2 48.197 0* 0.961042 

4 2 37.711 6 0.993282 

     

1 3 315.948 1 0.989839 

2 3 74.475 0* 0.947047 

3 3 32.977 0* 0.961042 

4 3 21.441 5 0.993282 

     

1 4 301.952 19 0.989839 

2 4 57.576 0* 0.95674 

3 4 24.3 0* 0.961042 

4 4 16.121 5 0.993282 

 

 

The two cylinders added influenced the mesh of the tube so that mesh 

worked only for the sizes 2-1, 3-1, 2-2, 3-2, 2-3, 3-3, 2-4, 4-4. 
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Conclusions: 

 

 The sphere used had 1,1mm radius .This was thought to be the 

minimum radius that no mesh problems occur according to the 

periphery case study. If a larger sphere was used, better results would 

have been obtained and certainly fewer highly skewed elements. But 

as the size of sphere increases, the realistic representation of the 

packing fails, so the purpose is to study the worst possible case . 

 

 At the last case study, 17 cylinders are designed and meshed. The 

number of elements does not change dramatically even if more 

cylinders are inserted. 

 

 In the case study position 4, many highly skewed elements occurred 

at the contact with the wall. Size functions and individual study should 

be made in order to decide the appropriate model. 

 

Summary: 

 

 Contact points can be replaced by spheres when they are in the 

periphery of one cylinder. 

 

 Cylinders that touch each other at the circular surfaces should be 

united before extracting from the tube. 

 

 The most difficult position is the one of the vertical and horizontal 

cylinders. One of the two solutions proposed should be chosen  

 

 The crucial decision is about the size of the sphere and also the 

particles‟ and tube‟s mesh size. 

 

 

 

 

 


