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Antalya Ferrokrom Ciiruflarindan Yeni Nesil Jig Teknolojisi ile
(Apic Jigler1) Metal Geri Kazanimi Projesi (MRP) ve Ciiruf
Atiklarinin Zenginlestirilmesi

Metal Recovery Project (MRP) and Processing of Antalya
Ferrochrome Slag by Using of New Generation Jigging
Technology (Apic Jigs)

A. Ozbzen
Maden Y.Miih., Atoll BV & Apic Toll Curuf Aritma Ltd., Antalya Turkiye

B. Uygur
Maden Miih., Atoll BV & Apic Toll Curuf Aritma Ltd., Antalya Turkiye

OZET 50 yili askin gecmisi ile 1,7 m.ton hacme ulagnis olan Antalya Ferrokrom Curuflari,
Tiirkiye’de bu konuda bir ilk olan, modern Apic Jigleri ve Geri Kazanim Prosesi ile islenerek
ve %100 geri kazanim yapilarak {ilke ekonomisine yeniden kazandirilmistir. Projenin anahtar
teslimi tiim yatirmmm Apic & Atoll tarafindan 2007 yilinda baslatilmis ve 4 yil gibi kisa bir
siirede proje tiim curuflarin iglenmesi ile sona ermistir. Metal Geri Kazanim (MRP) Prosesi
catist altinda tiim curuflar, sehir igindeki fabrika sahasinda kurulmus olan tesislerde, tamamen
kapali devre tasarlanmis olan Apic Jig prosesi igerisinde zenginlestirilmistir.

Apic’in MRP’si ile Tiirkiye’de ilk olan bu uygulama ¢ok kisa siirede hayata gecirilmis ve
tamamlanmugtir. Proje sonunda ise yaklasik 18 k.ton diisiik karbonlu gerikazanilmis Ferrokrom
(LCFeCr) metal iiriinleri iilke ekonomisine kazandmilmustir. Isleme sonucu projenin atigi
formundaki geriye kalan tiim curuflar ise, ingaat, altyapi, beton vb. gibi sektorlerde ekonomiye
yeniden kazandirilmis ve kaliteli bir agrega alternatifi olarak degerlendirilmistir.

ABSTRACT With the history of over 50 years, which has reached a volume of 1.7 m.ton
Antalya Ferrochrome slags, which is a first in Turkey, has been processed by modern Apic Jigs
and Metal Recovery Process 100% recovery made with processed and re-gained the country's
economy. All turn-key investment in the project was initiated in 2007 by Apic & Atoll in such a
short period of 4 years and the project came to end with the processing of all the slags. Metal
Recycling (MRP) Process all under the umbrella of slags, which was founded in the city in the
factory area, fully enriched in closed-circuit process, which is designed Apic Jigging Process.
Apic’s MRP application which is a first in Turkey has been implemented and completed in a
very short time. At the end of the project approx. 18 ktons of recovered low-carbon
ferrochrome (LCFeCr), metal products gained the country's economy. Whole slags as a result
of process at the end of the project in the form of waste gained to economy and re-evaluated in
construction, infrastructure, concrete and similar industries as a qualified aggregate alternative

1 CURUF iSLEME VE METAL GERI  Antalya Ferrokrom curuflarmm islenmesi
KAZANIM PROJESI projesi (MRP) 2007 yilinda baslamigtir. Eti
Elektormetalurji  AS’ye  ait  curuflarin

giiniimiizde sehir icinde kalarak ¢evresel
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agidan olumsuz etkilere neden olmasi,
kurulusundan bu yana (yaklastk 50 yil)
fabrika sahasinda stoklanan curuflar igin yer
kalmamasi ve gerekse fabrika sahasinda isgal
ettigi alan agisindan Onemli problem tegkil
etmesi ivedilikle bir Curuf Isleme projesini
gerektirmistir. Bu maksatla Eti
Elektrometalurji AS ve Atoll BV arasinda
yap-igslet yontemi ile Metal Geri Kazamm
Projesi (MRP) devreye alinmis ve 4 yil gibi
kisa bir siirede 1.7 m.ton hacmindeki tiim
curuflar  islenerek aritilmis ve  metal
gerikazanim saglanmustir.

Bu proje Tirkiye’de bir ilk ve oOrnek
olmakla beraber, ¢ok kisa zamanda kurulup-
devreye alman, - projenin tiim asamalan ile
devreye almmasi 5 ay — tamamiyla ¢evreye
duyarl, sifir desarj ve emisyonlu, kapal
devre tasarlanip, isletmeye alinan bir proje
olarak gerceklestirilmigtir. Bir¢ok atik isleme
isinde az veya ¢ok miktarda yine de nihai
proses atig1 olugsmaktadir ve tamamen bertaraf
edilmesi miimkiin olmamaktadir. Ancak bu
projede curuf ve igerisindeki tiim bilesenler
uygun ekipman ve prosesler ile tamamiyle
ekonomik iiriine ¢evrilerek bertaraf edilmistir.

2 METAL GERI KAZANIM
YONTEMLERI
Ferro alagim ve metalurjik {iretimler

esnasinda metal igeren curuflar ve/veya kagak
metaller muhtelif fiziksel ayirma yontemleri
ile geri elde edilebilmektedir. Bu tiir kagcak
metalllerin geri kazanmmindaki en Onemli
tekno-ekonomik kriter; Gerikazanim metaller
dogrudan satilabilir, nihai {iriin sifatinda
olmali ve Gerikazanim maliyeti, orjin
cevherinden iretim maliyetini asmamalidir.
Bu kriterler dahilinde metal geri kazanim
eldesi icin baslica uygulanan ydntemler;
manyetik aywricilar, agir ortam ayiricilari
(DMS), spiraller, sallantili masalar, jigler ve
smiflayicilar  olarak  siralanabilir. Bu
yontemlerin ¢ogu gravimetrik esasli ayrim
yontemleridir. Manyetik ayirma efektif bir
ayirma yontemi olmakla beraber sadece belli
bir manyetik alinganliga sahip alasimlara
uygulanabilir, dolayis1 ile smirli uygulama
alanma sahipti. =~ DMS uygulamalar1 ise
goreceli olarak sadece ince metallerin geri
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kazaniminda uygulanabilir, ancak bu sistem
oldukca  pahali olan FeSi  medyas1
gerektirmektedir.  Spiraller ise yine ancak
ince tane boylarinda uygulanabilen, yiiksek
verim ve kaliteli tirlin eldesi i¢in kontrol ve
operasyonu  zor  olan  ekipmanlardir,
kapasiteleri sinirhdir.  Sallantili masalarda
sadece ince tane boylarinda ve smirh
kapasiteye sahip ayiricilardir.

- Curuflardan metal geri kazaniminda en iyi
teknoloji ise Yeni Nesil Hidro-pnomatik
jiglerin (iri tirtin -40 mm, ince tiriin -10 mm
ve Smiflayicilar (classifier) (ultraince -1
mm) ile kombinasyonundan elde edilmistir
(P.Scott, Mintek). Ancak mekanik jiglerin
kapasite ve verimleri modern hidro-
pnomatik jiglere gore oldukca smirhdir.

Bu kombinasyondaki prosesler yiiksek
kapasitede ve verimde metal gerikazanimina
olanak vermektedir. Ferroalagim
curuflarindan yapilan gerikazanimlar
konusunda bazi performans 6rnekleri Cizelge
1’de 6zet olarak verilmistir.

Cizelge 1. Atoll, G.Afrika, Tirkiye,
Romanya MRP proje uygulamalarmdan
ornekler
islenen . Curuf Metal | Kazanim
Fraksiyon L. I
Hammadde icerigi Verimi
6-32 mm 2,10% 98.,5%
Charge Krom 1-6 mm 3,40% 99,9%
<1 mm 9,30% ~90 %
10-25 mm 1,85% 98,4%
HC FeMn 4-10 mm 1,23% 98,6%
<4 mm < %10 ~90 %
10-25 mm 1.70% 97.5%
SiMn 4-10 mm 1,40% 98,5%
<3 mm <%10 ~90 %
6-25 mm 1,10% 99,0%
LC FeCr 0-6 mm 1,10% 97,0%
< 1 mm <5 % ~90 %

Cizelge 1’den goriilecegi iizere modern hidro-
pnomatik jigler ile oldukca yiiksek (>%98)
verimlerde geri kazamim  saglanmustir.
Curuflardan metal geri kazanim devreleri
¢ogunlukla ve oncelikle kirma-eleme bazende
oglitme  devresi  gerektirmektedir.  Zira
genelde curuflarin biinyesinde gomiilii-kontak
halde metal bulunmaktadir.  Dolayisi ile
kirma-eleme-6giitme  devreleri  curuf-metal
yapisinin  karakteristigine ve serbestlesme
kriterlerine bagli olarak se¢ilmektedir.
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Modern  Jigler ile son  yillarda
ferroalagimlarin  yanisira  basglica  demir,
mangan, krom gibi metalik cevherler ile
komiirlerin yikanmasi ve
zenginlestirilmesinde jig kullanimi yeniden
populer olmustur (Bateman, Atoll). Yatak-
altt  hava-pulsasyonlu modern jiglerin,
G.Afrika, Avustralya, Hindistan, Tiirkiye,
Romanya, ABD gibi iilkelerde metalurjik
curuflar, metalik cevherler ile endiistriyel
mineraller ve komiirlerde kullanimi {izerine
6nemli kapasitelerde uygulamalari
bulunmaktadir.

2.1 Modern Jigler ve Calisma Prensipleri

Yatak-alt1 hava pulsasyonlu modern jiglerin
temel calisma prensibi, diisiik basingli (<1
bar) havayr jig haznesi icindeki suyu jig
yatagma dogru ivmelendiren hava hareketine
dayanmaktadir. Cok kisa zaman diliminde su
siitununu yukariya dogru istenilen hiz ve
yikksek miktarda oOtelemek ve bunu kisa
zaman araliklarinda biiyiik gii¢ ile yapmak
icin ise kontrolli hava kullanilmaktadir.
Milisaniye ~ mertebesine  kisa ~ zaman
araliklarinda tekrarli ve kontrollii yapilan bu
dongli sayesinde jig pulsasyonu (nabiz
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gerceklesmektedir. Bu ayrim ise akiskan bir
ortamda engelli ¢okelme prensibi ile saglanir.
Yogunluk¢a agir taneler batma egiliminde
olurken daha hafif olan taneler ise ylizme
egilimi ile yukan yiikselmektedir ve alttaki
agir tabakanmn iizerinde tabakalanarak farkl
yogunluk katmanlarmi olustumaktadir.

Bu islem zamanin bir fonksiyonu olarak
dinamik gekilde besleme ile tekrarli devam
etmektedir. Jiglemede daha keskin ve etkin
ayirma, asamali olarak birbiri ile bagh
kompartmanlar seklinde tasarlanan jigler
sayesinde etkin bir ayrim ve birden fazla
yogunluga  gore ayrim  ortamu  ile
saglanmaktadir. Bu mekanizme Sekil 2 ve
ekil 3’ te aciklamustir.
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Sekil 1. Yatak-ali Hava pulsasyonlu jig
¢aligma prensibi.(Apic Jigleri)

Jig yatagi lizerinde, yatak-alti hava
pulsasyonu ile siirekli asagi yukari saglanan
kontrollii hareket sayesinde, jig haznesi
icerinde Oncelikle homojen bir yapi olmast
saglanmakta, kisa zaman araliklarinda tekrarli
olan bu diisey ivmelendirme ile yogunluk
farklihigma dayanan bir tabakalanma ve ayrim
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unda jiglerden tahliye diizenegi diger dnemli
bir ayrint1 olup, Apic jiglerinde batanlar ve
ara Urlinler i¢in yumusak ve keskin ayirma
saglayan tahliye kap1 sistemleri ve tasarimlari
gelistirilmisgtir.  Ayrimin ~ karigmamasi  ve
kaliteli bir ayrmm igin tahliye noktalar
otomasyon ile donatilmis olup, istenilen
yogunluk ve/veya yogunluk ara ylizeylerinde
her mineral/cevhere gore farkli tahliye ve kap1
sistemleri  uygulanarak optimum  verim
saglanabilmektedir.

Jiglemede ki en dnemli parametreler ise;

- Pulsasyonun (nabzin) sekli

- Pulsasyon genligi,

- Pulsasyon frekansi

- Zaman periyodu olarak siralanir

Pulsasyonun  keskinligi  -netligi-  ise
baslangictaki su siitununun ivmelenmesi ve
sinuzoidal  sekilden sapmasi  seklinde
algilanabilir. Modern jigleri mekanik
jiglerden farkli kilan bu 6nemli 6zellik Sekil
4’de basitge temsil edilmistir.  Mekanik
jiglerde sabit bir dalga boyu ve frekans
s6zkonusu iken, modern jiglerde pulsasyonlar
zamanin bir fonksiyonu olarak ayarlanabilen
karakterdedir. Pulsasyon sekli ve pulsasyon
siiresince gecen zaman periyodu jiglemeye
onemli etkisi olan diger parametrelerdir.
“Zaman peryodu” mineralin jig yatagi
igerisinde askida kalma, alikonma siiresidir.

Pulsasyon Emme

Yataktaki Su

Seviyesi
Y Zaman

\ H
Y H
—
/ \
\ \ > ~
\ \

Su Akist
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Sekil 4. Pulsasyon keskinligi
Optimum bir tabakalanma kalmhg igin
pulsasyon teskil edildiginde, ayrica jig
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icerisinde kalma siiresi de teskil edilmelidir
(jigin genisligi, derinligi ve uzunlugu da
hesaba katilarak). Ozellikle tabakalanmasi
zor olan ince ve/veya yakin yogunluktaki
malzemeler g6z Oniine alindiginda yatak
icerisinde  tabakalanmalar  Onemli  siire
gerektirdiginden ancak yukarida ki prensiple
¢Oziim tiretilebilmektedir.

Sekil 5. Jig zamanlama peryodu ve evreleri

Pulsasyon  seklinin  degismesi, ayirma
miktarm1  ve aywrma kalitesini etkileyen
Oonemli bir parametre olarak tecriibe

edilmisti.  Modern jigler sahip olduklar
otomasyon ve hassas ayarlamalar ile bu
parametrelerin kontroliine izin vermektedir.

2.2 Jig Performans Modellemesi

Mekanik Jiglerden modern hidro-pnomatik
jiglere geciste ve jiglerin gelisiminde en
onemli asama; jiglerin ¢ok hassas pulsasyon
kontrol sistemi ile donatilarak jig igerisindeki
tim hareketlerinin kontrol ve kumanda
edilebildigi JigScan vb. yazilim ve otomasyon
sistemlerinin gelistirilmesi olmustur. ~ Bu
maksatla gelistirilen ASTRAD (Advanced
Stratification Transport Rate And Diffusion)
simiilasyon modellemesi oncii
uygulamalardan birisidir (A.Jonkers, Mintek).

Astrad, yogunluk ve tane boyut dagilimina
gore bir jig ortamu igerisinde tabakalanma
oranini tespit eden ve mikemmel ayirma
saglayan, ampirik degerler ile basitlestirilmis
fiziksel aymrma parametrelerinin beraber
calistinldig1 pratik bir matematik modelleme
olarak olusturulmustur. Bu modelleme y13in
testleri ve pilot tesisler {izerinde uygulanarak
endiistriyel ~ Olgekli  tesis  tasarimi  ve
sonuglarina ulagsma imkani saglanmigtir.

Astrad’m temel oOzelliklerinden birisi de
besleme oranmna baglt olarak jiglemedeki
gelismeleri ve iyilestirmeleri tespit etme
yetenegidir ve en optimum ve ekonomik jigin
ve boyutlarinin se¢imine olanak tanimaktadir.
Ayrica  bir cevher yigmi  iizerinde
ulagilabilecek verim araliklarimi da tayin
edebilmektedir.

Modern jiglerin ayirma kabiliyeti baslica
beslemenin kalitesine (yogunluk, tane boyu),
jig pulsasyonuna - akigkan dinamiklerine- ve
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jig icinde tanelerin askida kalma, alikonma
sirelerine  baghdir ve modelleme bu
parametrelere gore ¢ozlimler tiretmektedir.
Jigscan gibi PLC kontrol sistemleri ile
calisan Yatak-alt1 hava pulsasyonlu Jigler,
milisaniye bazinda tim pulsasyon
hareketlerini kontrol ve kumanda
edilebilmekte ve tiim operasyon verileri
stabilize edilmektedir.
Otomasyon (JigScan) kontrolli modern
jigler ile;
-Besleme farkliliklar1 algilanarak otomatik
ayarlama, kontrollii pulsasyon
- Stabilize edilmis operasyon verileri
- Uriin kalitesi iizerinde hassas kontrol
- Uretim optimizasyonu
- Spesifik iriinlerde daha yiiksek verim ve
kaliteli {iriin alma imkani
- Insan hatasi-inisiyatifinin minimize edilmesi
- Kullanic1 kolayligi yeniden ve kolay ayar
verilmesi
- Yiiksek ve stabil kapasite kullanimi
saglanmaktadir.

Sekil 6. Kontrollii pulsasyonun etkisi

Kontrolli  ve  kontrolsiiz
arasindaki fark Sekil 6” daki gibidir.

pulsasyon

Modern Yatak-alti Hava Pulsasyonlu jigler
yukarida bahsedilen otomasyon/modelleme
imkanlarinin  yanm1  swra, diger mekanik
donamimlari ile asagidaki avantajlara sahiptir;

-Genis bir tane boyu araliginda kullanim
imkant (>0,5 mm 0-150 mm),

-Tek jig igerisinde birden fazla kesme
yogunluklari uygulamas,

- Kompak bir ekipman ile 700 tph varan ¢ok
yiiksek kapasite elde etme imkani.

- Kolay durma - kalma, herhangi bir protokole
bagli olmadan ayni ayarlar ile durus ve
kalkis imkana,

-Slamsiz veya slamli genis bir malzeme
araliginda galigabilme,

- Besleme diizensizliklerine karsin kolay
adaptasyon ve otomatik ayarlama,

-Su haricinde baska bir sarf malzemesine
gereksinim duymamasi, hassas ve rafine su
gerektirmemesi,

- Agir ortama gore daha az aginma maliyeti

- Diisiik bakim ve planli bakim imkam

Modern Jiglerin komiirlerde uygulamasina
gelince, G.Afrika, Avustralya, Hindistan gibi
yerlerde Ozellike komiir yikamalarinda bazi
agir ortam ayiricilart yerlerini yeniden jiglere
birakmaktadir. Bu degisim ise hava
pulsasyonlu jiglerin gelisimi ile olmustur.
(A.Jonkers, Batemann). Agir  ortam
aymricilarina  nazaran, sadece hava ve su
tiketen, herhangi bir agir ortam yapici
malzemesi  gerektirmeyen daha  diisiik
operasyon maliyetleri ile c¢alisabilen (daha
disiik kurulu gilic gereksinimi) ve diisiik
bakim maliyetli yiiksek kapasiteli
sistemlerdir. (Dieudonne.V, 2001).

3 FERRO KROM CURUFLARININ JiG
ILE ZENGINLESTIRILMESI

3.1 Ferro!_(rom Curuflarmmin Fiziksel ve
Kimyasal Ozellikleri

Uzun yillara sair stoklanmis olan ferrokrom

200
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| A " Jigscan kontrollii
§ 100 —
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< 50 — L]
*
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curuflar;, firmlarda metal eldesi sirasinda
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potalarda iist akim olarak eriyik halinde atilan
metal dis1t minerallerden olugan yapilardir.
Firmlarda ve Potalarda FeCr metal iiretimi ve
dokiimii esnasinda olusan curuflar yaklasik
1.600 °C sicaklikta sistem disina alinarak,
1500x1500 mm doékiim kaliplarinda dogal
sogutmaya birakildiktan sonra curuf stoklama
sahasma alinmaktadir. Geg¢misten giiniimiize
FeCr ve FeSiCr iiretimine paralel olarak curuf
stok sahasinda da aym kimyasal karaterde iki
tip curuf olusturulmustur. Fabrikanin yillara
sair Uretimi agilikla digik karbonlu
ferrokrom (LCFeCr) iizerine oldugundan
curuflar da diisiik karbonlu pota curuflari
olarak adlandirilmaktadir. Eti AS tarafinca
iretin LCFeCr metaller ile curuflarm genel
kimyasal kompozisyonlar1 Cizelge 2 ve
Cizelge 3 “deki gibidir.

Cizelge 2. LC Ferrokrom metallerin genel
kimyasal bilesimi

Igerik FeCr % FeSiCr %
Cr 68-74 38 min.
Si 1 max. 38 min.
Fe 23-27 17-21
C <0,1 0,1 max
Ozgiill Ag. 7,16 5,21
Erime Nok °C 1.545 1.495

Cizelge 3. LC Ferrokrom curuflarinin genel
kimyasal bilesimi

Icerik %
Si02 40 - 60
AI203 6,5-13
Fe203 0,3-0,7
CaO 3-40
MgO 12- 16
Cr203 2-4
C 0,05-2
S 0,1

LC ferrokrom curuflarinin 6zellikle SiO2,
Al203 ve MgO bilesenleri curufa oldukca
sert, mukavim ve asindirict  karakter
vermektedir. Bu nedenledir ki benzer olarak
demir ¢elik curuflan veya HC-yiiksek
karbonlu- curuflara nazaran oldukg¢a direncgli
malzemeler olmaktadir. Bu nedenle gegmiste
LC curuflarin iglenmesi (kirilmasi veya
ogiitilmesi) giindeme geldiginde kirilmasi
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6nemli sorun olmustur. Kirma ve eleme
parametreleri agisindan, LCFeCr curuflart
yiiksek is indeksine sahip, Wi> 24 ve asinma
indeksi olarak da 0,1 gibi marjinal degerlere
sahiptir. Bu nedenle curuflarm bu proje
kapsaminda kirilmasinda ve boyutlamasinda
6zel kirma-eleme ekipmanlar1 kullanilmustir.

3.2 Ferrokrom Curuflarinin Metal icerigi

Proje 6ncesi yapilan curuf stogu metal igerik
analizlerinde curufun yapist ve metalin curuf
icindeki  diizensiz ~ dagilim1  sebebiyle
sondajlama ve benzeri yontemleri uygulamak
miimkiin olmadigindan, ancak yarma ve
ornekleme yontemi uygulanmistir. ilaveten
metalurjik tesislerin ge¢misten giinlimiize
kadar olan hammadde balanslar1 ve {iiretim
degerleri de curuf icindeki metal oram
hakkinda kayda deger bilgiler icermektedir.

Uzun yillar gegmise sahip curuf stoklari,
gerek gecmisten gelen farkli iiretim ve
yonetim aligkanliklar1 ve donemsel sosyo
ekonomik degiskenlikler, gerekse curuf
haricinde fabrikalarin genel bir atik sahasi
olarak degerlendirilmesi ve ge¢mis bilgilere
ve kayitlara her zaman ulagilmamasi nedeni
ile metal igerikleri agisindan  bazi
belirsizlikleri de icermektedir. Bu noktada
metalurjik tiretim madde balansi degerleri ile
diinya global uygulamalari da gbzoniine
alinmaktadir. Eti AS curuflarinda tahmin
edilen % 1-2 civarindaki metal igerigi proje
sonunda % 1,1 olarak gergeklesmistir ki bu
deger fabrika {iretim ve hammadde balansi ile
uyusmaktadir.

4 MRP PROSES VE EVRELERI

Metal Gerikazanim Projesi (MRP) esas itibari
ile potalarda dokiim esnasinda curuf ile
beraber kagan veya curuf igerisinde gomiilii
olarak atiga kacan FeCr/FeSiCr metalin geri
kazanilmasi islemidir. Atoll-Apic tarafindan
gelistirilen ve son yillarda yaygin kullanima
sahip olan MRP prosesleri ana hatlar itibari
ile asagidaki evrelerden olusmaktadir;

- Madencilik - Kazi
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- Kirma Eleme (Pri.- Sek.- Ter. kirma)
- On yikama - yas eleme ve simflama
- Jigleme - Metal Geri Kazanimi

- Manyetik Seperasyon (opsiyonel)

- Susuzlandirma Tikner vb.

- Filtrasyon (opsiyonel)

- Nihai atik degerlendirme

Hi¢ kuskusuz ki MRP projelerinin kalbi
son 20 yilda biiyiik gelisme kaydeden, Hidro
pnomatik prensiple ¢alisan, yiiksek verim ve
kapasite sunan, tam otomasyon kontrollii
Yeni Nesil Modern Jig Sistemleridir (Apic-
Atoll-Bateman). Mekanik klasik jiglerden
tamamen farkli olan Yeni Nesil bu jigler
Yatak-al ~Hava  Pulsasyonlu  Gravite
Ayricilary” olarak anilmaktadir.

4.1 MRP, Kirma Eleme Devresi

Stok sahasinda yillara sair istiflenmis curuflar,
yiiksek puzzolanik (cimentomsu)
tavirlarindan dolayida oldukga siki, saglam ve
ayni zamanda yerinde yogunlugu yiiksek bir
yap1 olusturmugtur. Ancak Hidrolik kiricilar
ile  sokiilebilen curuflar agik isletme
basamakli {iretim yontemi ile istihrag edilip -
600 mm’ye getirildikten sonra kirma eleme
sistemine beslenmistir. Atoll tarafindan
tasarlanan 6zel yapim Kirma FEleme tesisi
akim semasi1 Sekil 7° de basitce tariflenmistir.
Kirma Eleme tesisi yerlesim yerlerine
yakinligt ve c¢evresel kosullar gz Oniine
alinarak tek vardiyada Jig tesisinin tam giin
calisma kapasitesine (~ 2.000 ton/giin) cevap
verecek sekilde tasarlanmistir. Bu maksatla
500 tph primer besleme ve Jig tesis beslemesi
iiriini olan -22 mm boyutunda ise 350 tph
kapasiteye ulasacak sekilde tasarlanmustir.
KE tesis tasariminda 6nem arz eden onemli
bir nokta, -22 mm boyutuna inilirken kirma-
eleme devresi en az slam verecek ve
Oglinmenin en az miktarda (-1 mm) olacag
sekilde kiric1 secimleri ve tesis tasarimi
uygulanmigtir. Zira 6glinmenin fazla olmasi -
1 mm tane boylarinda geri kazanilabilir metal
kaybina da neden olmasidir.

BESLEME  — CURUF STOK SAHASI

BUNKERI 0-600
PRIMER GENELI r
0.

KIRICI

BANTLI MANY. SEP.

KIRILMIS
CURUF 0-2

JiG BESLEME

Sekil 7. Curuf KE Tesisi Akim Semasi
Antalya

Kirma Eleme Tesisinde, curuf stok
sahalarmin  karakterisitigi olarak mubhtelif
baska maddeler de (dokiim pargalari, pota
atiklari, muhtelif demir ¢elik imalat atiklari,
endiistriyel atiklar vb.) icermesinden dolay:
300 tph kapasitede bantli manyetik seperator
ve iki agsamali triyaj hatti ile donatilmstir.

Triyaj hattinda az oranda da olsa hem
biiytik ebathh metaller > 100-200 mm geri
kazaniminin ilk safthasi olarak elde edilmis,
hem de hurda metaller, dokiimler vb. parcalar
kirma eleme sistemini korumak ve
siirekliligini saglamak igin bertaraf edilmistir.

Triyaj hatt1 ile elde edilen birincil metaller
ise daha sonra parti halinde, yiizey ve
biinyesel curuflarindan  arindirmak  igin
kirillarak nihai {iriin haline getirilmistir (dmax
80 mm). LCFeCr metalinin sertligi ve
mukavemeti gozoniine alindiginda, toplam
geri kazanilmis metalin ancak ~%5’1 olan bu
satha kaliteli iirlin ve sistemin siirekliliginin
korunmasi1  agisindan  olduk¢a  Onemli
olmustur.

4.2 MRP, Jig Devresi - Apic Jigleri

Antalya MRP prosesinde curuflardan metal
geri kazanmm Yeni Nesil Yatak-alti Hava
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Pulsasyonlu Jigler ile yapilmstir. Projede her
biri 50 tph kapasiteli ikiz Jig sistemi
kullanilmigtir. -22 mm ye kirilan curuflar 1-6
mm ince jig ve 6-22 mm iri jig beslemesi
seklinde islenmistir ve ayni ebatlarda metal
iiriinleri elde edilmistir. Jig tesisine ait basit
akim semasi Sekil 8 ‘de temsil edilmigtir.
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Sekil 8. Jig Tesisi Akim Semasi -Antalya

4.3 Antalya MRP Ferrokrom Geri
Kazanim

Apic Jigleri ile geri kazanilmig Ferrokrom
iirlinlerine ait analizler ve alnan firiinlerin
boyuta gore dagilimi Cizelge 4’de verilmistir.
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Cizelge 4. Ferrokrom curuflarindan Geri

No |Geri Kazanim Metaller Uretim %
1 |1-6 mm FeCr /FesiCr 42,40%
2 16-25 mm FeCr / FesiCr 52,70%
3 |2-80 mm FeCr 1,52%
4 |2-80 mm FeSiCr 2,20%
5 |Hurda Metal 1,18%

kazanim metallerin iiriin bazinda dagilim
Antalya MRP projesi ikiz jig sistemi ile, iri
jig 6-25 mm, ince jig ise 0-6 mm besleme

gradasyonlari seklinde calistirilmustir.
Jiglerden de aymi ebatlarda iiriin almmustir.
Jiglerin gerikazamm  performanlarinda

sistemin dogal iiriinii olarak her iki jigde de
ara Urilinler (middlings) almmustir. Ara {iriiniin
miktar1 istege bagh ve kalite talebine gore
ayarlanabilmektedir. Genel ortalama olarak
toplam  beslemenin  %8-10’u  civarinda
jiglerden ara iiriin alinarak bu ara triinler jig
sistemine yeniden beslenmis ve toplam
kazanim verimi artirlmustir.  Ozellikle iri jig
besleme {iriiniinde kontak halde bulunan
curuf-metal yapisindaki taneler, serbestlesme
icin tekrar konik kiricidan gegirilerek ara {irtin
orani minimize edilmistir. Geri kazanilmig
metallerde jig sonrasi curuf orani ise hassas
iretim ve kalite kontrolii ile <%l
seviyelerinde tutulmustur ki bu deger
uluslararast piyasalarda kabul edilir deger
olarak islem gormektedir.

Geri kazanim metaller jig sonrasinda kendi
aralarinda metalurji endiistrisi taleplerine gore
Cr ve Si igeriklerine gore iki katli kuru
manyetik seperator ile FeCr ve FeSiCr
seklinde ayrima tabi tutularak nihai {iriin
siiflamasi yapilmustir. Manyetik ayirma
esnasinda jigleme sonucu gravite ile kazanilan
hurda metal, fabrika imalat atig1 metaller gibi
safsizliklarda nihai {iriinlerden ayrilarak kalite
artirlmigtir.  Sekil 9 ‘da jig ile kazanilmus
ornek metal {irlinii goriilmektedir.
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g - e - )
Sekil 9. Jig ile geri kazanilmis FeC

Geri kazanim metallerin kimyasal bilesimleri
ve kalite spekleri ise Cizelge 5° de
tariflenmistir ve bu iriinler dogrudan
satilabilir {irlin 6zelliklerine sahip {riinler
olarak agirlikla ihrag edilmistir.

Cizelge 5. Geri kazamm LC Ferrokrom metal
spekleri

Gerikazanim 9% Dagilim-
No |FeCr Pt wcr | %Fe | %C | %si
25 mm
1 |Chu-1 25,6% 57-62 22-26 | 0,6-1,20 5-8
2 |Chu-234 14,2% 58-65 18-20 | 0,5-0,10 [ 6-10
3 |Chu-5 45,7% 51-53 16-20 | 0,3-0,5 | 21-28
4 [Mixed 13,3% 52-55 20-22 | 0,3-0,8 | 21-24
Hurda Metal o
5 | ey 123%
Gerikazanim |, - _
No |FeCr & Edi‘r'r‘lm’ %Cr | %Fe | %C | %Si
1-6 mm e
1 |Chu-1 17,0% 51-54 24-30 | 0,7 - 1,40 4-7
2 |Chu-234 14,3% 51-55 17-20 0,5-0,9 69
3 |Chu-5 68,7% 42-47 18-28 0,3-1,0 | 20-30
4 [Mixed 46-49 16-18 0,5-0,9 18-21
Hurda Metal o
5 |y 0,00%
Gerikazamim | ~
No[recr  20]% :l)r;gi‘;m" %Cr | %Fe | %C | %Si
80 mm
1 |FeCr 4090 | 68-72| 2327 | 0,102 | 05-2
2 [FeSiCr 59,10 57-62 27-33 0,1-0,2 5-10

Antalya MRP projesi 7/24 ¢alisabilecek
sekilde tasarlanmis olup, planlanan gekilde de
calismustir. Her biri 50 tph kapasiteye sahip
olan jigler teorik kapasitelerinin min %85’ine
ulasilarak yiiksek caligma veriminde isletilmis
olup, proje siiresince aylik genel iiretim
ortalamasi1 45.000 ton olarak gerceklesmistir.

4.4 Antalya
Zorluklan

MRP Projesi Uygulama

MRP Projesinin kurulumu, devreye alinmasi
ve isletimi esnasinda bir takim zoruklarla
kargilagilmigtir. Bunlar,

4.4.1 Cevresel Etkiler

Antalya MRP projesi bir madencilik ve
cevher hazirlama projesi olmakla beraber
tamamiyla sehir i¢inde ve yerlesim yerlerine
¢ok yakin mesafede kurulan —kurulmasi
gereken- karakterde proje sifati tagimustir.
Sadece ekipman ve tesislerin yerleskesi i¢in
gerekli alanin 20 doniim civarinda olmasi,
curuf kazi alani, iglenmis curuf stoklart vb.
yerleskeler g6zoniine alindiginda toplam
calisma alanmm 70 donimlere ve curuf
stogunun yer yer 32 m ye varan yiiksekliklere
ulasmis olmasi kritik ¢evresel Onlemleri
gerektirmistir.

Projenin ekonomikligi ag¢isindan curuf
stoklarinin ~ yerinde islenmesi  haricinde
alternatif bulunmamaktaydi. Bu maksatla
projenin  baslangicinda ¢evresel etkileri
minimuma indiren tim tedbirler almnms ve
uygulanmustir. Curuflarin bilhassa uzun yillar
cevre sikdyeti olusturmasi gerek cevre halki
ve gerekse cesitli idareler nezdinde 6nemle
takip edilen ve ¢6ziim aranan kronik bir sorun
yaratmaktaydi. Bu maksatla tiim yetkili idari
ve kontrol makamlarma projenin tim
detaylar1 ve uygulamalart hakkinda ayrintili
bilgi verilerek taahhiitlerde bulunulmus ve
tamamiyle kapali devre olacak sekilde proje
isletmeye almmustir. Bu baglamda bagslica
alinan ¢evresel dnlemler;

- Yerlesim yerlerine ¢ok yakin olmasi

nedeniyle (~ 25-50 m) dolay1 tiim tesis ve
ekipmanlar {izerinde, 6zellikle acik havada
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girtiltiiyli elimine edecek sekilde ozel ses
izolasyonu yapilmustir. Bu maksatla 6zellike
yiiksek kapasiteli kirma eleme sistemini
izole etmek icin yer yer 10 m yiiksekliklere
varan, hareketi kisitlamayan ses
izolasyonlari ile miinferit makina
izolasyonlar1 yapilmis ve 25 m mesafelerde
giriilti  miktarlart 65 desibele kadar
diisiirilmtistiir.

- Gerek {iretim/tesis ortaminda gerekse tiim
calisma alanlarinda yaygin ve efektif dahili
ve harici sisleme kullanilarak ortamda
olusan toz emisyonlar1 diinya standartlarin
1/3 oranina kadar diistiriilmiistiir.

-Jig sisteminin  yilksek miktarda su
gereksinimi nedeni ile tiim tesis desarj sulari
ve slam atiklar1 beton havuz, tikiner,
filtrepress, susuzlandirma elekleri, geri
doniis suyu kullanimi kombinasyonlar ile
kapali devre iginde tutulmus ve bertaraf
edilmistir ki yer darligi nedeni ile tim bu
islemler sadece 6 m servis yolu ile
smirlandirilan ve sadece 180 m3 atik havuzu
yapilabilen igletme alani i¢inde ¢oziilmiistiir.

4.4.2 Ciiruf Yapisiun Uretime Olumsuz
Etkileri

Diisik karbonlu curuflarin  ¢ok iyi bir
puzzolan baglayict olmalar1 ve jig sisteminin
de yas proses olmasi nedeniyle, kisa siirede
betonlagan prizlesen curuflarin mukavemetli
kat1 yapilar olusturmasi, prosesin bir g¢ok
noktasinda tikanma ve operasyon zorluklarma
neden olmustur. Ozellike tiim malzeme akis
ve transfer noktalarinda, boru, pompa gibi
hidrolik transfer hatlarinda, yas eleme
mekanizmalarinda, mekanik sistemlerin tahrik
iinitelerinde, elektrik motorlarinda, konveyor
transfer hatlarinda ve mekanik yapilarinda
iklim sartlarmin da nemli olmasi nedeni ile
kisa siirelerde betonlasma  derecesinde
katilagmalara ve tikanmalara neden olmustur.
Bu sorunlara ¢6ziim ise istikrarli ve planl
peryodik bakimlar uygulanarak olumsuz
etkiler minimuma indirilmistir.

LC curufun diger 6nemli bir yan etkisi ise
son derece asindir1 karakterde olmasidir.
Proses evrelerinde curufla beraber LC
ferrokrom metal tanelerinin (Sekil 9) kuru ve
yas sistemler i¢inde siirekli devinim halinde
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olmasi asmnmalart max diizeye tagimigtir.
Asmmalart en aza indirmek icin ise her
noktaya ayri ayri spesifik olarak ¢oziimler
gelistirilmistir. Bu ¢6ziimlerden bazilari, sulu
styiricilar, tungten styiricilar, yiiksek basingli
temizlik, banth aktarma ve besleme sistemleri
ile spesifik kauguk-astarlama ve asinma malz.
kullanimi, ferrokromdan yapilmug yine 6zel
astarlama ve alasim astar uygulamalar1 olarak
siralanabilir.

4.4.3 Islenmis  Ciiruflarin  -Atiklarin-
Yeniden Degerlendirilmesi

Metal geri kazammm sonrasinda olusan
islenmis  curuf atiklari, atik  olarak
isimlendirilmekle beraber siiflanmis, kalibre
edilmis, yikanmig agrega sifatinda ve en az
muadilleri  kadar  kaliteli olan yap1
malzemesine doniistiiriilmiistiir. Dolayisi ile
birgok farkli sektorde tiikketime sunulmus ve
kolaylikla  kullannm  alam  bulmustur.
Curuflarin puzzolanik yapilart burada avantaj
yaratmig olup, Ozellike hazir beton gibi,
¢imento karigimli {rlinlerde bilhassa tercih
edilen iiriin olmugtur. Curuflarin bir kag defa
yiiksek basingla ¢ok iyi yikanmuig {iriin olmast
ve tane boylarmm da yaygin agrega
standartlarina  uygun  olmasi tiiketimi
kolaylastiran diger olumlu parametrelerdir.

Islenmis curuf atiklar1 bir ¢ok alt yapu, iist
yapi, hazir beton, hazir siva, yol yapimu,
temel mekanik malzemesi, rayli sistem
hatlari, genel dolgu malz. vb. amaglarla,
gerek kamu, gerekse bir ¢ok 6zel projede
tiketilmis ve en kapsamli ornek olarak ise
Antalya havalimam dig hatlar apron
yapiminda  bilhassa  avantajli  mekanik
ozellikleri nedeni ile tercih edilen ve ciddi
miktarda  tiiketilen bir  {irlin  olarak
kullanilmigtir. Proje sonunda ise tiim iglenmis
curuflar %100 geri doniis saglanarak metal
harici mineral dolgu ve agrega formunda
ekonomiye geri kazandirilmstir.
Zenginlestirilmig pota curuflarinin agrega vb.
formlarda diinyada yaygin uygulamalari
s6zkonusu olup, Ozellikle bazi imar
uygulamalarinda bilhassa tercih edildikleri
projeler de sdézkonusudur (niikleer santral
temelleri, yarig pistleri, baraj govdeleri,
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¢imento katki hammaddesi gibi) (National
Slag Associaitin, TS curuflu ¢imentolar

5 SONUC

Antalya Metal Geri Kazamm Prosesi ve
Modern Jig uygulamasi gerek cevher
zanginletirme,  gerekse = maden/metalurji
atiklarinin kapsamli degerlendirilmesi
acisindan olduk¢a Onemli ve Oncii bir
uygulama olarak basari ile tamamlanmis bir
projedir. Projede bahse konu modern jiglerin
gravite ile zenginlesebilecek bazi metalik
cevherler ile komiir ve endiistriyel hammadde
zenginlestirmelerinde yiiksek kapasiteli ve
verimli uygulamalara 151k tutacagi ve Ornek
teskil edecegi asikardir. Proje bir yandan da
maden atiklariin kapsamli bir proje dahilinde

zenginlestirilmesi ve iilke ekonomisine
kazandirilmasinda  6ncii  bir  uygulama
olmustur.
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Advanced Sensor Based Sorting System for Mining Applications

J. Kolacz
Comex AS, Rud, Norway

ABSTRACT A new sensor based sorting system related to complex image analysis has been
developed at Comex AS - Norway. It makes it possible to separate different mineral particles
regarding their colour, shape, texture, size, density and indirectly their composition. The
sorting system has been successfully tested and applied for sorting minerals providing high
separation efficiency in the range of 95-99.9 %. The main advantage of this system is
connected with its universality where many material parameters are analysed in the same

processing unit by a single passage.

1 INTRODUCTION

Sensor based sorting systems available on
the market today are not flexible enough to
be applied in very different conditions
without complicated reprogramming and
mechanical reconstruction. Typical
limitations for this type of technology are: a)
inability to process small and large particles
at the same time, b) limited analysis
complexity, where the analysis is very often
based on simple basic colour differences, c)
inaccurate rejection due to particle trajectory
variations and particle rotation. The newly
developed sorting system from Comex
eliminates the mentioned limitations and in
addition, it makes it possible to separate
different particles by sophisticated image
processing. The analysing system includes
an optical camera and the X-ray attenuation
imaging in the same equipment. The sorting
system can be used with both optical and
XRT analysis or separately depending on an
application.

2 COMPLEX ANALYSIS

The main advantage of the new system is
related to its universality and at the same
time very sophisticated image processing
functions, which can be carried out in the
same processing unit. Figure 1 shows the
new system configuration, where many
different analysed parameters can be used to
provide particle separation. The image
analysis system includes a camera installed
either over the transport belt conveyor or at
its discharge end. The system includes the
X-ray attenuation analysis realized by the
XRT system in the central part of the
conveyor belt. The sorting system can be
used with both optical and XRT analysis or
separately depending on an application.

Particle recognition wused to separate
different materials is based on a complex
shape and colour analysis where the particles
can also be identified by over 20 parameters
used for shape description. Some of them
are: diameter in different orientations,
perimeter, centre of mass, moment of inertia,
particle elongation factor, edge sharpness,
etc. Additional combinations of these
parameters can also be used for
distinguishing particles of interest. The
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surface of particles where different colours
or contours vary in intensity and frequency
can be analysed by FFT filtration (Fast
Fourier Transformation) to recognize
differences in texture and structure of the
processed particles. This analysis brings
much more complex information about the
analysed particles rather than colour
recognition alone. Finally, the XRT picture
is integrated into the optical analysis, which
provides a lot more information about the
particle surface properties and its internal
structure. All these sophisticated analysing
functions require a lot of computation power
and they have to be optimized to allow high
capacity sorting. This is done by special
program architecture and algorithm solutions
allowing efficient management of the
calculation routines and sorting priorities.
This allows achieving still high separation
capacity and extremely high efficiency
where the product purity can reach even 99.9
%.

Oprial and
Yepeie

X tue praperties

Figure 1. Sensor based sorting system from
Comex — configuration example with the X-
ray (XRT) analysis carried out over the
transport belt and the optical properties at
the discharge.

Figure 2 illustrates some examples of
image processing where darker and coloured
particles are defined and separated as waste
from the white quartz material. In this case
the separated particles are identified on the
base of their colour, shape and texture. The
picture shows four cases of different material
combinations used during system tuning.
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Identification and

Figure 2.
examples during purification of the white
quartz particles. Section 1 and 2 illustrate the
advanced texture analysis while section 3
and 4 show the typical colour analysis.

separation

The first group of particles represents the
clear product fraction without any
contamination. The second group shows the
product particles contaminated by the small
intrusions of other minerals. The third group
represents the particles contaminated by
different colours and in different degree.
inally, the fourth group shows the particles
having totally different colour. In the case of
the first and the fourth group the separation
js very clear, however in the case of the
second and third group it is necessary to
carry out texture analysis. In this case the
particle contours are defined and the texture
information is analysed in the software.
Furthermore, the percentage of the
“contaminated surface” is divided by the
total projected particle surface to define if
the analysed particle can be qualified as
waste. The threshold can be adjusted by the
user so the contamination level for the
accepted material can be changed according
to individual requirements. The combination
of waste and product particles is then
repeated for other particles being
representative for the rest of the processed
material. Furthermore, the software routines
are defined for each combination to optimize
processing time, since the clear colour
differences do not need much processing
time while particles with texture analysis
require longer calculation procedures.
Eventually, the algorithm is ready tuned for
separation of the investigated material.
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Some of the results from the practical
applications are shown in Table 1, where the
OSX sorting system has been used for
purification of limestone with texture
analysis algorithm. The initial material had a
purity of 81.5 % of white particles and it has
been defined as low quality filler. After
sorting, the product material has been
improved to 99.8 % of white particles and
the waste fraction contained only 5.6 % of
the white particles.

Table 1. Sorting results during purification
of the limestone fraction in the size range 4-
10 mm.

Parameter Unit Results
Feed material purity % 81.5
Product fraction % 99.8
purity

Waste fraction % 5.6

purity

Product recovery % 98,7
Waste recovery % 99.0

Considering the recovery figures, it can be
noticed that the product white particles were
recovered to the concentrate fraction in 98.7
% and the contaminating particles were
recovered to the waste fraction in 99%. This
is the example of almost ideal separation
process.

3 XRT ANALYSIS

X-ray transmission analysis (XRT) provides
a new powerful tool for complex particle
description. Separation examples are given
on Figures 3 and 4, where XRT system is
employed to separate coal and tungsten ore.
In this case, the valuable information about
the internal particle structure is of critical
importance to calculate ratio between the
impurities and the material of interests. For
coal separation, the exact percentage of the
rock contamination (shown by green and
blue colour) can be calculated and each coal
particle (orange) and can further be defined
as waste or product for the separation
process. For the tungsten ore, each particle
can be evaluated in terms of tungsten

compound content shown by black colour
against the regular rock material (green).

~ 4
4"

\fv‘
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Figure 3. Separation of coal using XRT
analysis. Green and blue areas show
contaminating rock particles.

This information from the XRT system can
easily be combined with the image
processing employing texture analysis to
recognize other objects contaminating our
valuable materials. Separation of coal from
rock impurities, metal pieces and wood
particles can be an example of such
advanced separation.

Figure 4. Separation of tungsten ore using
XRT analysis. Black areas represent
tungsten compounds.

Table 2 shows some of the results obtained
during separation of iron ore, where the X-

695



J. Kolacz

ray based sorting system (CXR) has been
used. The initial material had 58.8 % of Fe
and it has been defined as good quality iron
ore. However, this material could not be sent
to the metallurgical process without pre-
processing like crushing, grinding, gravity
and magnetic separation etc, since the limit
for metallurgical quality is defined as 63-
64% of Fe. After sorting in the CXR unit in
two stages, the product material has been
improved to 63.6 % of Fe and it could be
directly used for iron production without
complicated processing. Regarding the
weight distribution, this concentrate fraction
corresponded to about 78 % of the material.
It means that 78 % of the ore did not require
complicated and costly processing before
being sent to the ironworks. Only a small
part of it (about 12%) required typical
mineral processing and about 9.5% could be
either processed in the same way or be
completely wasted since it represented quite
low quality material. The process provided
dramatic efficiency increase regarding the
processing cost and overall energy
consumption for iron making.

Table 2. Sorting results during purification
of the iron ore fraction in the size range 40-
100 mm.

Weight Concentration
Fraction distribution of Fe
[Yo] [Yo]
Feed
material 100.0 s
Product
fraction 78.3 63.6
Middle
fraction 12.2 o
Waste
fraction 9.5 30.1

4 ADDITIONAL ALGORITHMS

Areas of particles where different colours are
varying in intensity and frequency can be
analysed by FFT filtration (Fast Fourier
Transformation) to recognize differences in
texture and structure of the processed
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particles. This analysis brings much more
complex information about the analysed
particles rather than colour recognition
alone. Finally, the XRT picture is integrated
into the optical analysis, which provides a
lot more information about the particle
surface properties and its internal structure.
All these sophisticated analysing functions
require a lot of computation power and they
have to be optimized to allow high capacity
sorting. This is done by special program
architecture and  algorithm  solutions
allowing efficient management of the
calculation routines and sorting priorities.
Images which are exposed to digitisation can
be further processed by a variety of
electronic filters which can provide very
advanced processing. Normally the digitised
image is processed by analysing each pixel
and setting up a number of thresholds for the
light intensity in different colour planes.
This method, however, provides a limited
particle structure analysis when a particle
has uneven lighting or has an irregular form
with many surfaces positioned at different
angles. This provides reflections which
further disturb the important information.
This problem can be solved when the
frequency filtration is applied.

Frequency filters alter pixel values with

respect to the periodicity and spatial
distribution of the wvariations in light
intensity in  the image. Frequency

representation is obtained through a function
called the Fast Fourier transform (FFT). The
spatial frequencies seen in an FFT image can
be filtered (low pass or high pass filter) and
the inverse FFT then restores a spatial
representation of the filtered FFT image as
shown on Figure 5.

F [ |—I| MUl
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Figure 5. Illustration of the FFT filtration.

The f(x,y) is the light intensity of the point
(x,y) and (u,v) are the horizontal and vertical



23" International Mining Congress & Exhibition of Turkey « 16-19 April 2013 ANTALYA

spatial frequencies. The FFT transformation
is defined as (j is a constant):

o0 o0 )
Fu,v) =] f(x;y) e 12"*""¥V dx dy

-00 -00

Inversely, a Fast Fourier Transform F(u,v)
can be transformed back into a spatial image
f(x,y) as shown below (N and M define an
image resolution):

N-1 M1
fx,y) =YY F(u,v)e 327 x/N=w/M
u=0 v=0

The FFT of an image F(u,v), is a two-
dimensional array of complex numbers, or a
complex image. It represents the frequencies
of occurrence of light-intensity variations in
the spatial domain. The low frequencies
(u,v) correspond to smooth and gradual
intensity variations found in the overall
patterns of the source image. The high
frequencies (u,v) correspond to short-
intensity variations found at the edges of
objects, around noisy pixels and around
details. This allows eliminating of noisy
pixels from the image and distinguishing the
important details.

The FFT transformation based filter,
however, has a significant limitation related
to the computation power of the image
analysis system. It is therefore necessary to
optimise the processing steps to obtain a
reasonable response time. It is mainly to
balance between the image resolution and
FFT filtration, which does not need to be
applied to high resolution images. Another
optimisation method can be related to
application of ROI (region of interests),
where only parts of an image are processed
by the advanced filtration tools. Anyhow,
this type of image filtration based on FFT,
provides a new dimension in the separation
techniques.

5 MULTIPLE STAGE SORTING

General sensor based separation techniques
are used in single operating stages. It means
the separator is often used as an important
part of the system and the process is carried
out in a single stage. In many cases it is not
economical and brings a lot of confusion
about optical sorting generally. The result is
often not satisfactory when compared to the
operating and investment cost. This problem
can be solved by a multiple stage separation
procedure. Looking at other separation
techniques like flotation, gravity separation,
magnetic separation, it can be noticed that
many of them are applied in multiple stage
configuration thus providing a satisfactory
result.

Sensor based separation is based on
different scanning techniques, which very
often perform a single “check” by which a
particle is qualified as a waste or a product.
It is therefore very probable that some of the
scanned particles can accidentally be
analysed in a wrong way and consequently
be separated to a wrong fraction. Multiple
separations can solve this problem when
there is an extremely small chance that such
particle is separated to a wrong fraction in
two or three separation stages. The example
of the multiple stage separation is shown on
Figure 6 where the quartz material has been
processed. The feed material contained 65%
of the quartz and 35% of different impurities
in form of various minerals. The first
separation stage was adjusted to very strict
separation  criteria  (high  sensitivity
threshold) to remove maximum of the
impurities from the quartz fraction. The
product had a purity of 99.8% which
represented a very good result. However,
there was a lot of quartz particles also
removed from the feed material as the waste
because some of the “good” quartz particles
were analysed as impurities.
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Figure 6. Example of sorting of quartz in
multiple stage configuration.

The waste fraction still contained 22% of
the quartz particles. In such cases, due to
different light reflection conditions or inter-
particle collisions, some quartz particles
could be detected as the waste fraction.
However, it is an extremely low probability
that these particles can be analysed in a
wrong way twice. Therefore when the
second purification separation stage was
applied to the waste fraction a lot of quartz
particles were recovered back to the main
product fraction. It resulted in very improved
and robust separation process with limited
losses of quartz particles. The final waste
fraction contained only 3.5 % of quartz
particles.

The similar separation configuration can
be applied for the product fraction to provide
further purification of the “clean” fraction,
depending on the final purpose and process
requirement. Finally, if necessary both
fractions from the first separation stage can
be processed by the next separators
providing very high separation efficiency,
high purity and high recovery. In any
separation technique employing multiple
stages, the cost of the separation equipment
will play a decisive role for any process. It is
therefore of critical importance that the
separation equipment is not cost prohibitive.
Optical separation equipment provided by
Comex fulfils this main cost requirement for
multiple stage separation keeping the total
cost at a competitive level. The resent
development and progress in
microelectronics provided quite a number of
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new possible solutions within automation
and separation techniques. It is especially
important in the light of criticism in the last
years related to too high cost of the
discussed equipment and this its limited
potential. The total investment and operating
cost of the discussed Comex equipment
ranges between USD 0.1-0.5 per ton of the
processed material depending on the particle
size and working environment (optical or X-
ray). It easily provides possibilities for
multiple stage separation during processing
of most of minerals.

6 CONCLUSION

Advanced sensor-based sorting provides
new potential for continuous separation of
particles having different size, colour, shape,
texture and density. Application areas for
such equipment are almost unlimited
(minerals separation, recycling of metals,
plastics, paper, rubber, wood etc.). It can be
applied to the mineral industry in many
different processing steps. Very significant
savings are achievable when the separated
material, representing rejects, can be
removed from the process in the early stage.
By shape, colour and XRT density analysis
the material composition can be estimated
indirectly. This may result in new
possibilities for optimising the existing
circuits and for making new installations
more profitable.
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Triboelectric Belt Separator for Beneficiation of Fine Minerals

J. D. Bittner, S. A. Gasiorowski, F. J. Hrach,
Separation Technologies, LLC, Needham, Massachusetts USA

L. A. Canellopoulos, H. Guicherd
Separation Technologies, LLC, Athens, Greece

ABSTRACT Separation Technologies, LLC (ST) has developed a processing system based
on triboelectric charging and electrostatic separation that provides the mineral processing
industry a means to beneficiate fine materials with an entirely dry technology. Unlike other
available electrostatic separation processes that are typically limited to particles greater than
75 pm in size, the ST belt separator is ideally suited for separation of very fine (<1 um) to
moderately coarse (300 pum) materials with very high throughputs. The highly efficient
process is effective on fine materials that cannot be separated at all by the conventional
electrostatic techniques. Since 1995, this triboelectric process has been extensively used for
the beneficiation of coal fly ash with eighteen separators in place and over 130 machine-years
of operation at locations in North America and Europe. The technology has been also
successfully applied to the beneficiation of a variety of minerals including calcium carbonates,

talc, and potash.

1 TECHNOLOGY OVERVIEW

The ST separator utilizes electrical charge
differences between materials produced
by surface contact or triboelectric
charging. When two materials are in
contact, material with a higher affinity for
electrons gains electrons and thus charges
negative, while material with lower
electron affinity charges positive. This
contact exchange of charge is universally
observed for all materials, at times
causing electrostatic nuisances that are a
problem in some industries. Electron
affinity is dependent on the chemical
composition of the particle surface and
will result in substantial differential
charging of materials in a mixture of
discrete particles of different
composition.

In the ST separator (Figures 1 and 2),
material is fed into the thin gap 0.9 — 1.5
cm (0.35 -0.6 in.) between two parallel
planar electrodes. The particles are

triboelectrically charged by interparticle
contact. For example, in the case of coal
combustion fly ash, a mixture of carbon
particles and mineral particles, the
positively charged carbon and the
negatively charged mineral are attracted
to opposite electrodes. The particles are
then swept up by a continuous moving
open-mesh belt and conveyed in opposite
directions. The belt moves the particles
adjacent to each electrode toward
opposite ends of the separator. The
electric field need only move the particles
a tiny fraction of a centimeter to move a
particle from a left-moving to a right-
moving stream. The counter current flow
of the separating particles and continual
triboelectric charging by carbon-mineral
collisions provides for a multistage
separation and results in excellent purity
and recovery in a single-pass unit. The
high belt speed also enables very high
throughputs, up to 40 tonnes per hour on
a single separator. By controlling various
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process parameters, such as belt speed,
feed point, electrode gap and feed rate,
the ST process produces low carbon fly
ash at carbon contents of 2 % =+ 0.5%
from feed fly ashes ranging in carbon
from 4% to over 30%.
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Figure 1. Schematic of ST triboelectric
separator

The separator design is relatively
simple. The belt and associated rollers are
the only moving parts. The electrodes are
stationary and composed of an
appropriately durable material. The belt is
made of plastic material. The separator
electrode length is approximately 6 meter
ft (20 ft.) and the width 1.25 meter (4 ft.)
for full size commercial units. The power
consumption is about 1 kilowatt-hour per
tonnes of material processed with most of
the power consumed by two motors
driving the belt.
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Figure 2. Detail of separation zone
The process is entirely dry, requires no

additional materials and produces no
waste water or air emissions. In the case
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of carbon from fly ash separations, the
recovered materials consist of fly ash
reduced in carbon content to levels
suitable for use as a pozzolanic admixture
in concrete, and a high carbon fraction
which can be burned at the electricity
generating plant. Utilization of both
product streams provides a 100% solution
to fly ash disposal problems.

The ST separator 1is relatively
compact. A machine designed to process
40 tonnes per hour is approximately 9.1
meter (30 ft) long, 1.7 meter (5.5 ft.) wide
and 3.2 meter (10.5 ft.) high. The required
balance of plant consists of systems to
convey dry material to and from the
separator. The compactness of the system
allows for flexibility in installation
designs.

Figure 3. Commercial ST separator

2 ST BELT SEPARATOR VERSUS
OTHER ELECTROSTATIC
SEPARATION PROCESSES

The ST separation technology greatly
expands the range of materials that can be
beneficiated by electrostatic processes.
The most commonly used electrostatic
processes rely on differences in the
electrical conductivity of the materials to
be separated. In these processes, the
material must contact a grounded drum or
plate typically after the material particles
are negatively charged by an ionizing
corona discharge. Conductive materials



23" International Mining Congress & Exhibition of Turkey « 16-19 April 2013 ANTALYA

will lose their charge quickly and be
thrown from the drum. The non-
conductive material continues to be
attracted to the drum since the charge will
dissipate more slowly and will fall or be
brushed from the drum after separation
from the conducting material. These
processes are limited in capacity due to
the required contact of every particle to
the drum or plate. The effectiveness of
these contact charging processes are also
limited to particles of about 100 um or
greater in size due to both the need to
contact the grounded plate and the
required particle flow dynamics. Particles
of different sizes will also have different
flow dynamics due to inertial effects and
will result in degraded separation. The
following diagram (Figure 4) illustrates
the fundamental features of this type of
separator.

Figure 4. Drum electrostatic separator (Elder

& Yan, 2003)

Triboelectrostatic separations are not
limited to separation of conductive / non-
conductive materials but depend on the
well-known phenomenon of charge
transfer by frictional contact of materials

with dissimilar surface chemistry. This
phenomenon has been used in “free fall”
separation processes for decades. Such a
process is illustrated in Figure 5.
Components of a mixture of particles first
develop different charges by contact
either with a metal surface, or by particle
to particle contact in a fluidized bed
feeding device. As the particles fall
through the electric field in the electrode
zone, each particle’s trajectory is
deflected toward the electrode of opposite
charge. After a certain distance, collection
bins are employed to separate the streams.
Typical installations require multiple
separator stages with recycle of a
middling fraction. Some devices use a
steady stream of gas to assist the
conveying of the particles through the
electrode zone.

Feed l

Charger
(Fate, Oycione

O #hodd Baxl)
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3
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Figure 5. “Free fall” triboelectrostatic
separator

This type of free fall separator also has
limitations in the particle size of the
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material that can be processed. The flow
within the electrode zone must be
controlled to minimize turbulence to
avoid “smearing” of the separation. The
trajectory of fine particles are more
effected by turbulence since the
aerodynamic drag forces on fine particles
are much larger than the gravitational and
electrostatic  forces. The very fine
particles will also tend to collect on the
electrode surfaces and must be removed
by some method. Particles of less than 75
um cannot be effectively separated.

Another limitation is that the particle
loading within the electrode zone must be
low to prevent space charge -effects,
which limit the processing rate. Passing
material through the electrode zone
inherently results in a single-stage
separation, since there is no possibility for
re-charging of particles. Therefore, multi-
stage systems are required for improving
the degree of separation including re-
charging of the material by subsequent
contact with a charging device. The
resulting  equipment  volume  and
complexity increases accordingly.

In contrast to the other available
electrostatic separation processes, the ST
belt separator is ideally suited for
separation of very fine (<l pm) to
moderately coarse (300um) materials
with very high throughputs. The
triboelectric particle charging is effective
for a wide range of materials and only
requires particle — particle contact. The
small gap, high electric field, counter
current flow, vigorous particle-particle
agitation and self-cleaning action of the
belt on the electrodes are the critical
features of the ST separator. The high
efficiency multi-stage separation through
charging / recharging and internal recycle
results in far superior separations and is
effective on fine materials that cannot be
separated at all by the conventional
techniques.
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3 APPLICATIONS OF THE
TECHNOLOGY

3.1 History of Separation Technologies,
LLC

ST was founded in 1989 to develop
commercial applications for a proprietary
electrostatic separation process invented
by David Whitlock, one of the company’s
founders. By 1994, ST was focusing on
processing fly ash that could be used in
higher value concrete production rather
than being placed in landfills. Installation
of mandated NOx control equipment at
coal-fired power plants which increased
the carbon (Loss On Ignition, LOI)
content of previously marketable fly ash
created this opportunity to apply the ST
separation  process to fly ash
beneficiation.

ST began operation of the first
commercial fly ash processing plant to
control the LOI content of fly ash in
1995. In 2002 ST was acquired by the
Titan Cement Company S.A.  Titan
Cement Company, based in Greece, has
operations in Europe, the Eastern
Mediterranean, and North America and
turnover of more than €1.5 billion. Titan
America operations include cement
plants, ready-mix concrete plants,
concrete block plants, quarries, import
and rail terminals, as well as fly ash
production facilities

Controlled low LOI fly ash is
produced with ST’s technology at twelve
power stations throughout the U.S.,
Canada, the U.K. and Poland. The
processed fly ash is marketed under the
ProAsh® brand. ProAsh® fly ash has been
approved for use by over twenty state
highway authorities, as well as many
other specification agencies in the USA.
ProAsh™ has also been certified under
Canadian Standards Association and EN
450:2005 quality standards in Europe. ST
ash processing facilities are listed in
Table 1..



23" International Mining Congress & Exhibition of Turkey « 16-19 April 2013 ANTALYA

Table 1. ST commercial operations

Start of
Utility / power station Location commercial Facility details
operations
Progress E;ergnf Roxboro Nortlijgi‘rohna Sept. 1997 2 Separators
Constellation Power Source
Generation - Brandon Shores Maryland April 1999 2 Separators
. USA
Station
ScotAsh (Lafarge / Scottish Scotland
Power Joint Venture) - Oct. 2002 1 Separator
. UK
Longannet Station
Jacksonville Electric Florida 2 Separators
Authority - St. John’s River USA May 2003 Coal/Petcoke
Power Park, FL. blends
South Mississippi Electric Mississiopi
Power Authority R.D. pp! Jan. 2005 1 Separator
4 USA
Morrow Station
New Brunswick Power New Brunswick 1 Separator
Company Canada ’ April 2005 Coal/Petcoke
Belledune Station Blends
]1; 1\3; };:) tng t(; :;Izlrl En[gjllgnd August 2005 1 Separator
PPL Brunner Island Station Pemggglama December 2006 2 Separators
Tampa Electric Co. Florida . 3 Separators,
Bingend Station USA April 2008 dougle pass
RWE npower Wales
Aberthaw Station (Lafarge September 2008 1 Separator
UK
Cement UK)
EDF Energy West Burton
Station Enélénd October 2008 1 Separator
(Lafarge Cement UK, Cemex)
Z?g@i%ﬁii?;?; f\?;md Poland June 2010 1 Separator
3.2 Mineral Applications with free-fall separators is also used at
industrial scales (Manouchehri,
Electrostatic  separations have been Hanumantha & Foressberg, 2000b). A

extensively used for beneficiation for a
large range of minerals (Manouchehri,
Hanumantha & Foressberg, 2000a).
While most application utilize differences
in natural or induced conductivity of
materials with the corona-drum type
separators, triboelectric charging behavior

sample of applications of electrostatic
processing reported in the literature is
listed in Table 2. While this is not an
exhaustive listing of applications, this
table illustrates the potential range of
applications for electrostatic processing of
minerals.
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Table 2. Reported electrostatic separation of minerals

Mineral Separation Reference Sl:
Experience
Manouchehri, Hanumantha & Foressberg, 2000b
Potassium Ore — Searls, 1985 %*
Halite Berthon & Bichara, 1975
Brands, Beier & Stahl, 2005
Fraas, 1962
Talc — Magnesite Fraas, 1964 *
Lindley & Rowson, 1997
. Fraas, 1962 *
Limestone — quartz Lindley & Rowson, 1997
Brucite — quartz Fraas, 1962 *
Manouchehri, Hanumantha & Foressberg, 2000a
Iron oxide — silica Brands, Beier & Stahl, 2005, *
Fraas, 1962
Inculet, 1984
. Fraas, 1962
Phospha;tiel‘,igacalmte - Feasby, 1966
Stencel & Jiang, 2003
Mica - Feldspar — Manouchehri, Hanumantha & Foressberg, 2000a *
quartz Manouchehri, Hanumantha & Foressberg, 2002
Wollastonite - quartz ~ Manouchehri, Hanumantha & Foressberg, 2002 *
Lindley & Rowson, 1997
Boron minerals Celik & Yasar, 1995 *
Barites — Silicates Fraas, 1964 *
Elder & Yan, 2003
Zircon — Rutile Manouchehri, Hanumantha & Foressberg, 2000a
¢ 4 Brands, Beier & Stahl, 2005
Fraas, 1962
Silver and gold slags Manouchehri, Hanumantha & Foressberg, 2000b
Carbon — Silica Fraas, 1962 *
Beryl — quartz Fraas, 1964
Fluorite — silica Fraas, 1947

Fluorite — Barite -
Calcite

Manouchehri, Hanumantha & Foressberg, 2000b

ST has conducted extensive pilot plant
and field testing of many challenging

material separations in the minerals industry.
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Examples of separations achievable with
ST’s technology are shown in Table 3.
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Table 3. Examples, ST mineral

separations
. Calcium
Mineral Carbonate Talc
Separated CaCO; — Talc /
materials SiO, Magnesite
90.5% N
Feed  CaCO,/ oot/
composition  9.5% SiO, Magneosi te
Recovered 99.1% o o
product CaCO;/ 951\//10;2;128/@%
composition  0.9% SiO, g
Mass yield 2% 46%
product
0,
Mineral ngC?) 77% Talc
recovery R 3 Recovery
ecovery

Use of the ST triboelectric separator
has been demonstrated to effectively
beneficiate many mineral mixtures. Since
the ST separator can process materials
with particle sizes from about 300um to
less than 1 pm, and the triboelectric
separation is effective for both insulating
and conductive materials, the technology
greatly extends the range of applicable
material over conventional electrostatic
separators. Since the ST process is
entirely dry, use of it eliminates the need
for material drying and liquid waste
handling from flotation processes.

4 SUMMARY

The ST triboelectric separator provides
the mineral processing industry a means
to beneficiate fine materials with an
entirely dry technology. The
environmentally friendly process can
eliminate wet processing and required
drying of the final material. The ST
process requires little, if any, pre-
treatment of the material other than
grinding and operates at high capacity —
up to 40 tonnes per hour by a compact
machine Energy consumption is low,
approximately 1 kWh/tonnes of material

processed. Since the only potential
emission of the process is dust, permitting
is typically relatively easy.
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Dry Coal Processing using X-ray Transmission Technology

J.M. Bergmann
Tomra Sorting GmbH, Wedel, Germany

ABSTRACT Many coal mines are considering dry coal beneficiation nowadays. Water and
the related legal, economic, and environmental aspects are key issues. Therefore the idea of a
dry coal “washing” plant is not new. Although known for almost 40 years, x-ray-transmission
sorting technology started in industrial applications since 2004.

In the past, the benefits of dry sorting were well known, but these gave only comparably
poor performance versus wet technologies. Today, highest efficiencies and recovery rates can
be achieved using the latest technologies and lead to extremely competitive EPM-values.
Latest computers and modern x-ray scintillators enabled high-performance units. The
machines reached a status of real field stability and can support or even replace wet
technologies for coal destoning or deshaling.

Economically, dry processing is cheaper compared to a wet plant, it offers a much better

handling of product and tailings, and the product will show a higher caloric value.

1 INTRODUCTION
1.1 Coal and Water

In 2012 coal became the world’s largest
source of energy, since China commissions
more and more coal power plants to satisfy
the energy hunger of its rapidly growing
industry (Jenny 2012). Besides industrial use
coal is still one of the provider of basic
energy for heating and cooking in less
industrialized areas.

Water is an as sensitive issue. For the
future various scientists expect this
commodity to be the main reason for wars.
(Putzier 2012). So it should be clear to
everybody not to waste this valuable good.

1.2 Wet Coal Beneficiation

Wet coal processing technologies are state of
the art. Almost all coal preparation plants
built since the 1960s have been based on wet
processing technologies because they are
able to handle damp and sticky run-of-mine
coals (Frankland 2001). The success has also
been driven by the high efficiencies ranging
at around 0.01EPM. This average probable

error (EPM) is largely independent from coal
quality and is one of the main marks to
measure the separation efficiency of coal
preparation units. It is, by definition (Sanders
2007), half the relative density difference
between the 75% and 25% partition
densities. It is expressed dimensionless as

Dy5 — D
EPM =278 25

The dominance of wet coal processing
exists also due to the high abundance and
therefore low cost of water in the coal
processing regions.

But, there are also many negative aspects
of wet coal processing:

e Water enhances the acid generation

potential of materials inside the coal
and can dissolve heavy metals;

e The coal will be physically degraded
by pumping and handling, which
leads to autogene pulps affecting the
cut-point of dense medium separation
processes and which also creates a lot
of non-saleable fines;
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o Wet processing reduces the calorific
value of the coal due to more free
surface moisture;

e Since also the water has to be moved
the wet process leads to more
transport cost by using more energy;

(Weitkdmper, Wotruba and Sampaio
2010).

1.3 Dry Coal Beneficiation

Dry arid climates are a main driver for the
application of dry coal processing. Typical
arid coal producing areas are found in South
Africa, Australia, India and China. In these
regions not only the access to water and the
costs thereof are affecting the economics of
coal  preparation plants, but also
environmental legislation. Additionally, coal
processing is competing for water with other
stakeholders, in particular  agriculture
(Yongren et al 2001) (Zhenfu and Quingru,
2001, 2002).

Permitting becomes increasingly difficult
with Environmental Impact Assessments
affecting the lead times for coal mining
projects negatively. In some regions water
licensing can take up to three years. Modular
dry processing methods can therefore step in
to ensure fast cash flow in the beginning of
the life of mine.

Despite being not as efficient as wet coal
processing methods, dry coal cleaning can be
effectively used to destone or deshale run-of-
mine coal. Dry coal processing technologies
have the benefit of working without
extensive water circuits, water handling and
cleaning systems. Dry technologies can be
applied as semi-mobile plants which can be
installed close to the mining face.
Particularly XRT-sorting is well suited to
process large volumes of coal with very
compact installations. These semi-mobile
installations can be relocated at regular
periods keeping the distance to the coal face
at a minimum (Kleine et al 2012).
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Dry coal cleaning technologies have been
successfully used to beneficiate coals at cut
points higher than 1.85 relative density The
capital costs for dry coal processing
installations are around US$ 6200/tph dry in
contrary to US$13000/tph for wet coal
processing installations. Regarding operating
costs, including capital dry processing costs
about 0.5US$/t versus 1.95US$/t for wet
processing (Honaker and Lutrell 2006).

Taking into account that dry processing
methods are not as effective they can still be
technically and financially viable for easy
coal processing tasks, namely destoning or
deshaling. Advantages of semi-mobile
destoning plants close to the mining
operation are cost saving and providing
additional production capacity in all
downstream  processes by  unloading
bottlenecks such as the sink stream of dense-
medium separation (Kleine et al 2012).

2 DRY SORTING TECHNOLOGIES
2.1 General

Dry coal processing technologies are based
on selective crushing and screening,
gravimetrical methods or sensor-based
sorting.

Selective crushing and screening works
only as a pre-concentration technology with
low organic recovery. But this comminution
process also creates large amounts of fines
which are problematic to handle.

2.2 Sensor Based Sorting Technology

Sensor-based sorting (SBS) is the general
expression for all applications where
particles are singularly detected by a sensor
technique and then ejected using a
mechanical, hydraulic or pneumatic process
3).

During the SBS process all feed particles
are spread on the vibratory feeder (1) and
presented one by one to the sensor (2) where
they are scanned.
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Figure 1

The resulting fractions of a sensor-based
sorter are called “accepted fraction” and
“gjected fraction” with one of them being the
concentrate and one of them being the
tailings. The fraction with the smaller mass
flow is usually the ejected fraction to save
energy at the of the ejection process.

The technique is generally applicable for
particle sizes in the range of 0.5 mm until
300 mm. Since SBS is a single particle
separation technique, the throughput and also
the operating costs are linearly depending on
the average particle size.

2.3 XRT-Detection Principle

This Dual Energy XRT-detection technology
is widely known as it is used at airports in
luggage scanners.

XRT detection is a transitive, non-contact
and fast detection technology. The
particulate stream is passing between an x-
ray source and a line of x-ray detectors,
which are detecting the radiation energy of
two different energy levels.

Depending on the elemental composition
and the thickness of the particles within the
x-ray detection zone, the x-rays will be
absorbed differently for different matter. To
overcome the influence of thickness, two
different energies of x-rays are used to
mathematically exclude this factor when
discriminating between coal and discard.

The XRT principle is a transmittance
detection technology which literally reflects

the inside x-ray image of each particle. This
has definite advantages for coal applications
when compared to surface detection
technologies. Surface detection technologies
are only applicable for homogenous particles
that do not show different compositions on
the surface and in the core. Furthermore,
surface detection technologies need clean
surfaces with no water or dust adhesion that
would influence the measurement.

2.4 The XRT-Sorting of Coal

For coal the XRT-technology is ideal.
First, the pure coal looks very “transparent”
to the x-rays, which means only a small
quantity of the x-rays is attenuated. The
barren rocks absorb much more of the x-rays
and therefore the difference between the
good and bad material can be “seen” very
clearly by the sensor system (Erdmann,
Kleine, 2010).

But, as always, the middlings are the
challenge for any technology. For this the
precision of the mechanical presentation of
the particles, the sensitivity and reliability of
the scintillators and the accuracy of
correlating the two energies are essential.

Figure 2

Figure 2 shows the physical particles on
the left, the x-ray scan in the middle and the
Dual-Energy image of the rocks on the right.
The red color represents the coal, green are
the middlings and blue are pure waste rocks.

Additionally to this, special, patented
contrast filters can even see small inclusions
of high density material (for instance pyrites)
inside the coal pieces.
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2.5 The XRT-Sorter for Coal

For the separation of discard and coal the
robust and compact chute-type sorter (see
Figure 1) has been selected. This machine
has a small foot-print and few moving parts
as the feed material is scanned, evaluated and
ejected in free-fall. This also allows robust
and compact semi-mobile plant installations.

Figure 4

For the separation of finer coal between 8
and 25 mm a belt based unit would be more
efficient, but certainly has more moving
parts.
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3 THE SORTING RESULTS

3.1 Lignite from Turkey

The first presented results are from a lignite
mine in Turkey, sorted in two grain sizes
within a band of 10 to 110 mm material is
sorted.
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Figure 5

In test one 23% of the feed was ejected to
the waste (mass pull to waste). This setting
removed 53% of the ash and increased the
caloric value of the product from 4.2.to 5.15
MlJ/kg.

In test two 16% of the feed was ejected to
the waste. This setting removed 40% of the
ash and increased the caloric value from
4.6.to 5.15 MJ/kg.
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Figure 6

The ash content of the ejected material
clearly demonstrates the “purity” of the
waste and the efficiency of the sorting.
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3.2 Hard Coal From South Africa

Several bituminous South African coals have
been tested and the results compared. This
coal is known to be difficult-to-treat.

To describe the results the main
parameters used in the coal industry for the
evaluation were determined: EPM-value,
organic efficiency, float-in-sink, sink-in-
float, and total misplaced. The term organic
efficiency is used comparable to recovery of
carbon. Float-in-sink describes the amount of
material lighter than the cut point being
displaced to the heavy fraction. Sink-in-float
describes the amount of material heavier than
the cut-point reporting to the light fraction.
Total misplaced material is the sum of the
two.

Parameter | Unit | Coal | Coal Coal Coal
A B (o3 D
Feed ash [%] 31.2 43.0 33.8 27.7
Product ash [%] 19.5 25.7 20.3 21.1
Discard ash [%] 45.6 53.1 48.2 34.8
Product [%] | 55.27 | 36.66 | 51.60 | 52.46
Yield
D50 [t/m3 | 1.677 | 1.633 | 1.679 | 1.615
Organic [%] 79.2 63.1 78.1 66.1
efficiency
Sink in float [%] 6.59 | 10.79 7.88 8.66
Floatin Sink | [%] | 12.60 | 9.94 10.53 | 18.98
Total [%] | 19.19 | 20.73 | 18.40 | 27.63
misplaced
EPM 0.113 | 0.1301 | 0.1205 | 0.1198
Table 1

These bulk tests (table 1) have shown the
capabilities of XRT sorting for various South
African coals. The results have proven that
the XRT based dry sorting technology is
feasible to treat coal in coarse particle size
ranges between 30mm and 120mm at
throughputs of 100tph or more. (Kleine
2012; Von Ketelhodt 2012).

3.3 Hard Coal From Turkey

Additional test work was executed on coal
from Kozlu near Zonguldak in Turkey. This
coal is known to be very high in ash. At this
location a good performing beneficiation

plant is the key to guarantee the survival of
the mines in that area.

Furthermore the existing processing plants
are right in the middle of the city and
growing awareness of environmental issues
and the noise emissions force the operators
to reassess their concept.

The test work was executed on three grain
bands, 10-20, 20-35 and 35-100 mm. On the
coarse material (35-100 mm) the following
partition curve was generated:
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Figure 7

As expected, the results of the finer
material look a little bit less perfect due to
the sorters’ resolution and valve grid, but the
results are extremely competitive:

Parameter Unit 10-20 20-35 35-100
mm mm mm
Feed ash [%] 55.9 50.9 55.2
Product ash [%] 16.9 19.3 23.2
Discard ash [%] 64.3 55.1 56.2
Product Yield | [%] 17.7 11.8 3.1
D50 [t/m3] 1.72 1.68 1.71
Organic [%] 95.0 87.3 47.4
efficiency
Sink in float [%] 0.83 0.63 0.57
Float in Sink [%] 0.96 0.63 0.14
Total [%] 1.790 1.27 0.71
misplaced
EPM 0.04 0.04 0.01
Table 2

When looking at above figures in table 2
one must not forget, the sorting objective
was to generate a coal product with less than
20% ash. This objective seriously influences
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the results since a XRT-cut point has to be
programmed to eliminate the high-ash-
middlings.

More interesting are the EPM-values,
which are quite close to DMS results.

4 COMPARISON AND CONCLUSION

4.1 Comparison to DMS and Dry Jigs

==XRT
70 \ DMS
&0 Jigging
20
30
20

14 15 16 17 18 19 20 21 22 23 24

Partition Number

Relative Density [g/cm?]

Figure 8

Comparing wet dense medium separation
with sensor based XRT-sorting and dry
jigging the results are clearly visible we are
using the EPM-values, who are representing
the separation accuracy of each technology.

For DMS values of 0.01-0.02 are typically
achieved.

The dry jigging process is the least
accurate of the three achieving EPM values
0f0.2-0.3.

XRT-sorting is found right in the middle
between the other two with values of 0.1-0.2
(de Korte 2009, Von Ketelhodt 2012). But
introducing the latest results from Kozlu
demonstrate that much better separations are
achievable with the XRT-sorters with EPM-
values of 0.04 or lower. This moves the
XRT-sorting technology very close to DMS
and makes it a competitive dry separation
alternative.

4.2 Conclusion

XRT sorting is a flexible dry beneficiation
technology that is technically viable for coal
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destoning. Its’ relatively small footprint and
low infrastructure needs make it an ideal
technology for near-face destoning with
semi-mobile installations. = The  main
components of a complete plant consist of a
feeder breaker, screen, XRT sorter and a
compressor station. The air consumption in
relation to the high sorter throughput is
comparably low. This, together with the
lower capital expenditures, makes it an
efficient and cost effective coal destoning
technology for coals bigger than 8§ mm and
larger.

To base such a decision on hard facts,
Tomra operates a complete test center for
various mining applications and is in close
collaboration with various universities.
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Baski1 Devre Kartlarindan Fiziksel Zenginlestirme Y ontemleriyle
Metal ve Plastik Geri Dontisiimii

Recycling of Metals and Plastics from Printed Circuit Boards
(PCB) by Physical Separation Methods

M.Y1ldiz,K.T.Perek,F.Arslan
L.T.U. Maden Fakiiltesi, Cevher Hazirlama Miihendisligi Béliimii, Maslak-Istanbul

OZET Bu ¢alismanin amaci atik siifina gegmis baski devre kartlarindan fiziksel ve kimyasal
yontemlerle metal ve plastik geri kazanimidir. Geri doniisiim atiklardan fiziksel ve kimyasal
yontemler uygulanarak yeniden kullnilabilir malzemelerin geri kazanim prosesidir. Caligmada
elektronik baski devre kartlarindan biri olan bilgisayar ana kartlar1 kullanilmistir. Geri
doniisiim prosesinde fiziksel yontemlerden yararlanilmistir. Oncelikle elle ayiklama islemi
uygulanarak Kkartlar iizerinde bulunan diger pargalar (islemci, sogutucu fanlar1 vb.)
ayrilmistir. Plastik kiricist ile boyut kiigliltme islemleri yapilarak kirillan bilgisayar ana
kartlar1 daha sonra gravite, manyetik ve elektrostatik ayirma islemlerine tabi tutulmustur.
Gravite ayirmasi deneylerinde ise havali jig kullanilmistir. Elde edilen fiiriinlerdeki metal
coziindiiriilerek metal ve plastik oranlar tespit edilmistir. Ayirma deney sonuglar
kargilastirilmig olup havali jig ile ayirma sonucu %57,4 metal icerikli konsantre %86.4 verim
ile elde edilmistir.

ABSTRACT The purpose of this study is to recycle metals and plastics from waste printed
circuit boards with physical separation methods. Recycling is reuse of materials that are
recovered from wastes by using physical and/or chemical processes. Computer mainboards is
used in this study as one of the printed circuit boards. Physical separation methods are used in
recycling process. Computer mainboards are first crushed with crusher for plastics then
gravity, magnetic and electrostatic separation methods are applied. Results of magnetic and
electrostatic separation tests are not satisfactory. Air jig is used for gravity separation. As a
result of gravity separation a concentrate with metal content of % 57,4 is recovered with
%86,4 efficiency.

1 GIRiS teknolojiyle birlikte gerek g¢evresel gerek
Elektronik  baski  devreleri, tzerinde ekonomik olarak 6nemi artmaktadir.
elektronik ekipman bulunan ve biitiin Tiirkiye istatistik kurumu tarafindan 2011

elektronik cihazlarda bulunan devrelerdir.
Teknolojinin vazgecilmez bir pargasit olan
elektronik baski devreleri, hizla gelisen
teknoloji ile birlikte artmakta ve kullanim
dis1 kalmaktadirlar. Bahsi gecen kullanim
dist kalmis elektronik cihazlar genel olarak
elektronik atik olarak adlandirilmaktadir.
Son yillarda artan kullanim ve gelisen

yilinda yaymlanan bilisim teknolojileri
kullanim ile ilgili bir arastirmada 16 ile 74
yag grubundaki bireylerde bilgisayar ve
internet kullanim oranlart 2010 yilinda
strastyla %43,2 ve %41,6 iken 2011 yilinda
%46,4 ve %45,0 olarak belirtilmistir (Tiirkiye
Istatistik Kurumu, 2011). Elektronik atiklar
lilkemizde heniiz ¢evresel bir tehdit olarak
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goziikmese de bu veriler yakin gelecekte
karsilagilacak  problemi  gdzler  Oniine
sermektedir.

UNEP tarafindan agiklanan rakamlara
gore Avrupa’da bir yilda 8,3 - 9,1 milyon ton
elektronik atik ortaya cikarken bu rakam
diinya genelinde 40 milyon tona ¢ikmaktadir
(Schluep ve ark.,2009). Bu veriler diinyadaki
durumun ne kadar ciddi oldugunu
gostermektedir.

E-atiklar temel olarak plastikler, metaller
ve seramik vb. maddelerden olugmaktadir.
E-atiklarin birgok (>1000) farkli organik
(klorlu/bromlu alev geciktiriciler, farkli
plastikler vb.), inorganik (Hg, Pb, Cd, Cu,
Fe, Al vb.) maddeler ve seramik, cam vb.
Malzemeler igerdigini belirtilmisdir (Yazici ve
Deveci, 2011). E-atiklarda bulunan cevreye
zararli bazi organik ve inorganik maddelerin
bulunduklar1  bilesenler = Tablo  2°de
sunulmustur (Yazici, ve Deveci, 2011).

Tablo 1.1 E-atiklarin igerdigi organik ve
inorganik maddelerin/malzemelerin oranlar
(Yazic1 ve Deveci, 2011)

2 GENEL BILGILER
2.1 Atiklar ve Atik Yonetimi

Ilkesel olarak oncelikle  onlenmeleri,
onlenemiyorsa yeniden kullamim veya geri
doniisim olanaklarinin arastirilmasi,

bunlarin da miimkiin olmadigr durumlarda
cevreye ve insan sagligini riske atmayacak
sekilde bertaraf edilmesi gereken maddelere
atik denir (Tenikler, 2007).

Sanayide, ulasimda, tarimda, turizmde,
insaat sektoriinde, liretim yaparken, hizmet
verirken, ¢ok sayida madde ve malzeme
bicim degistirir. Bu faaliyetler igin enerji
saglarken ve enerji kullanirken, gaz, sivi ve
kat1 halde atiklar ve artiklar ortaya ¢ikar. Bu
atiklarin bir boliimil nihai olarak bertaraf
edilirken, bir bolimii geri kazanilarak,
yeniden kullanilabilir. Atik ydnetiminde
genel ilke; atiklarin kaynaginda azaltilmasi,
kacinilmaz olarak ¢ikan atiklarin da miimkiin
olan en yiiksek oranda geri kazanilarak,
yeniden kullanilmasi olmahdir (ASO,2012,
Ciftlik ve ark., 2009)

Atik yonetimi iyi planlandigr ve etkili

. yontemlerle desteklendigi takdirde,
Malzeme Miktar stirdiiriilebilir  kalkinmanin ekonomik ve
Metaller (%) cevre  boyutunun  gergeklestirilmesinde
Demlf ve gelik 47.9 onemli bir konu haline gelmektedir. Atik
Aliiminyum 4,7 yonetim  hiyerarsisi ~ Tablo  2.1°de
Bakir 7,0 verilmektedir.
Demir dis1 1,0
Toplam metal 60,6 Tablo 2.1 Atik Yonetim Hiyerarsisi (Ergiilen
Plastikler ve Biiyiikkeklik, 2008)
Alev geciktirici igeren plastik 53
Alev  geciktirici  icermeyen | 15,3 En Cok Tercih | ¢y 0o
plastik Edilen
Toplam plastik 20,6 Azaltma
Cam 5.4 -
Elastik polimer (kauguk) 0,9 Yenilde.:.n 'l.(unllamm
Ahsap, kontrplak 2,6 Geri doniisiim
Seramik 2,0 Enerji igin geri
Baskili devre kartlari 3,1 kazanim
Diger 4,6 En égiil;irmh Cope Atma

Bu calismada elektronik atiklardan olan
baski devre kartlarindan fiziksel ve kimyasal
zenginlestirme yontemleriyle metal ve
plastik geri kazanimi amaglanmustir.
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Atik  yOnetiminin yakin ddnemlerden
itibaren degisimine bakildiginda bu durum
daha iyi anlasilmaktadir. 1970’lerde atiklarin
sikistirilmast ve yakilmasi gibi yaklagimlar
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kullanilmigtir. 1980’lerde ise bu yaklasimlar
zararli  maddelerin  ortaya  ¢ikmasint
azaltacak sekilde teknik olarak
gelistirilmistir. 1990’larla birlikte atiklarin
azaltilmasi, yeniden kullanim, geri doniisim
ve enerji kazanimi gibi farkli yaklagimlar
atik yonetimi ile biitiinlestirilmistir. 2000’11
yillarda ise atikk olusumunu Onlemeye
yonelik hedefler olusturulmaya baslanmistir.
Bu tarihsel ve teknolojik gelisimle birlikte
atik yonetiminin siirdiiriilebilir kalkinmaya
olan katkist da artmustir (Ergilen ve
Biiyiikkeklik, 2008).

2.2 Geri Doniisiim

Atiklarin ¢esitli fiziksel ve/veya kimyasal
prosesler sonucu hammadde olarak yeniden
imalat siirecine kazandirilmasma  geri
donligim  denir. Geri doniisiime olan
ihtiyacin baslamasinda savasglar nedeniyle

ortaya ¢ikan kaynak sikintilart  etkili
olmustur.
Geri doniisimiin  6nemini dort baslik

altinda 6zetleyebiliriz (Cevko, 2012):

1-Dogal kaynaklarimizin  korunmasini

saglar.

2- Enerji tasarrufu saglar.

3- Atik miktar azalir.

4- Ekonomiye katki saglar.

Sonsuz ihtiyaglar karsisinda siirli olan ve
ekonomik olarak zenginlestirilmesi giderek
zorlagan dogal kaynaklar, geri kazanimi
miimkiin olan atiklarin degerlendirilmesini
on plana c¢ikarmugtir. Belirli bir ekonomik
degeri olan atiklarin degerlendirilmeleri
ilkemiz gibi kalkinma cabasinda olan iilke
ekonomilerine katki saglamasi agisindan
o6nem tasimaktadir. Demir, g¢elik, bakir,
kursun, kagit, plastik, kauguk, cam,
elektronik atiklar gibi maddelerin geri
doniisim ve tekrar kullanilmasi, tabii
kaynaklarin tlikenmesini Onleyecektir. Bu

durum; iilkelerin ihtiyaglarini
karsilayabilmek icin ithal edilen hurda
malzemeye  6denen  doviz  miktarim

azaltacagl gibi, kullanilan enerjiden biiyiik
oOlciide tasarruf saglayacaktir.

2.3 Elektronik Atiklar

Elektronik atiklar Avrupa Birliginin WEEE
(Waste of Electrical and Electronic
Equipment ) direktifinde: “ evlerde, her tiirlii
ticari ve endiistriyel ortamlarda kullanilan
Oomriinii tamamlamus elektrik ve elektronik
esyalar” olarak tanimlanmaktadir (Ergiilen ve
Biiyiikkeklik, 2008).

Gelisen teknoloji ile birlikte tiiketim
aligkanliklar1 da hizla degismekte buna bagh
olarak da yeni tir atik tipleri ortaya
¢ikmaktadir. Bunlardan biri de elektrikli ve
elektronik atiklardir (E-Atik). Kendisini
stirekli olarak yenileyen elektronik piyasasi
driinleri, 1 ila 6 yil icerisinde “is gdrmez”
veya “ tamiri yenisini almaktan daha pahali”
hale gelmektedir. E-Atik adi1 verilen atik tiirii
de bu sekilde ortaya ¢ikmistir (Ciftlik ve Ark.,
2009). T.C Cevre Bakanlig1 tarafindan
yapilan elektrikli ve elektronik esya
siniflandirmasi verilmistir Buna goére (T.C.
Cevre ve Orman Bakanligi, 2007):

1- Biiyiik ev esyalari

2- Kiigiik ev aletleri

3- Bilim ve telekomiinikasyon

ekipmanlari

4- Tiiketici ekipmanlari

5- Aydinlatma ekipmanlari

6- Elektrikli ve elektronik aletler

7- Oyuncaklar, eglence ve spor aletleri

8- Tibbi cihazlar

9- izleme ve kontrol aletleri

10- Otomatlar

Bu cihazlar plastik, metal ve cam gibi geri
doniistiiriilebilir maddeler yani sira gesitli
zehirli  maddeler igerdiklerinden gevre
acisindan bir tehdit olusturmaktadirlar.

2.3.1 Tiirkiye’de Elektronik Atiklar

Ulkemizde de elektronik atik miktar1 hizla
artmaktadir.  Birgok  gelismis  {iilkede
elektronik atik adi verilen kullanim disi
iiriinler zorunlu olarak ayri toplanmaktadir.
Ayr1 toplanan bu atiklar diger atiklarla
beraber ¢ope atilmak yerine diger sekillerde
bertaraf edilme islemine tabi tutulmaktadir.
Ulkemizde heniiz  yeni  sekillenmeye
baglayan ayr1 toplama sistemi birgok bolgede
yayginlasmadigi icin biitin atiklar ¢ope
gitmektedir (cevreonline.com, 2012).
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2.3.2 Baski Devre Kartlar

Tek veya cift ylizeyi bakirla kapli levhalar
tizerine farkli yontemler ile bir elektronik
devre ¢iziminin aktarilip, devre
elemanlarinin baglant1 yollarinin ¢ikarilmasi
ile olusturulan elektronik devre kartlaridir
(robotiksistem.com, 2012). Bazi baski devre
kartlar1 sunlardir:

* Bilgisayar ana kartlar1

¢ Modem, hub, switch kartlar

+ Santral kartlar
Pos cihaz1 kartlari
Server Kartlari
Cep telefonu kartlari
Telsiz ve telsiz telefon kartlart
Medikal cihaz kartlari
Lecd tv kartlar
Kontrol panelleri kartlari
Fotokopi makinasi, yazici, tarayici vb.
ekipmanlar
Slot iglemci kartlari
Uydu alicilart
Ugak elektronik devre kartlar
Otomobil elektronik devre kartlar

2.4 Baski Devre
Doniisiimii

Kartlarmmm  Geri

Yiiksek miktarda geri donistiiriilebilir metal
ve plastik ihtiva eden baski devre kartlari
cesitli yontemlerle geri doniisiimii yapilir.
Bu hem igerdikleri zehirli maddelerin
dogaya ve insan sagliina zarar vermesini
engeller hem de ekonomik katki saglar.
Baski devre kartlarmin geri  doniisiimii
amacityla kullanilan ¢esitli yontemler vardir.

2.4.1 Geri
Islemleri

Doniisiim  Oncesi Hazirlik

2.4.1.1 Elle Ayirma

Elektronik atik geri doniisiim islemlerinde
elle ayirma geri doniisiimiin ilk baslangig
asamasinda uygulanir. Elektronik baski
devre kartlarin1  kolay ayrilabilecekleri
plastiklerden ayirmak, tekrar kullanilabilir
halde olan c¢esitli devre elemanlarini ayirmak
amaciyla veya kolay ayrilabilecek vida vb.
aksamlar1 sistemden uzaklastirmak amaciyla
kullanilmaktadir.
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2.4.1.2 Boyut Kiigiiltme ve Boyuta Gére
Stflandirma

Degerli metal ve plastik iceren elektronik
atiklar metal serbestlesmesi saglanmasi
amactyla boyut kiiciiltme islemine tabi
tutulurlar. Boyut kiigliltme islemi shredder
veya cekicli kiricr ile gergeklestirilmektedir.
Daha sonra boyuta gore siniflandirilan
parcalar, amacina uygun olarak secilen
yontem ile plastik ve regineden metalin
ayrilmas1 amact ile prosesin bir sonraki
asamasina gecer (Yoo ve ark. 2008).

2.4.2 Mekanik Aywrma Islemleri

Manyetik _Avirma: Elektronik atik  geri
doniistim sistemlerinde demirin ayrilmasi
amactyla  kullanilirlar.  Demirin ~ bazi
durumlarda  geri  kazanilmasi,  bazi
durumlarda ise yapilacak hidrometalurjik
iglemlerde problem yaratmamasi agisindan
uzaklagtirilmast dnemlidir.

Elektrostatik Ayirma: Ozellikle elektronik
baski devrelerinden metal geri kazanimina
yonelik  yapilan pek ¢ok calismada
elektrostatik ayirma kullanilarak plastik ve
metali birbirinden ayirma islemi
gercgeklestirilmistir. Deneysel 6l¢ekte basarilt
olsa da endiistriyel 6l¢ekte diisiiniildiigiinde
ciddi bir problem yaratacak olan ara {iriin
¢oklugu nedeniyle klasik tek rulolu
elektrostatik ayirict yerine ayni anda iki
kademede elektrostatik ayirma  yapan
cihazlarin  kullanilmasinda  ara  {irlin
miktarinda ciddi bir dislis yasandigi
goriilmektedir  (Jiang ve  ark.,  2008).
Elektrostatik ayirma yontemlerinden biri
olan Eddy current elektrostatik ayiricisina
beslenen kirilmis elektronik atiklardan,
demir disi metaller, metalik olmayan
pargalar ve demirli metaller olarak ¢ iiriin
olarak alinirlar. Pek ¢ok elektronik atik geri
doniisiim tesisinde eddy current ayiricisinin
kullanilmaktadir fakat metal olmayan taneler
arasinda yiiksek miktarda kiiciik tane
boyutuna sahip demir dis1 metal bulunur
(Freegard ve ark., 2007)

Yogunluk Farkina Gére Aywrma: Caligmalar
gravite aywrmasmin elektronik atik geri
dontisim proseslerinde etkin bir bigimde
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kullanilabilecegini gostermistir (Zhang ve
Frossberg, 1997). Taneler arasi yogunluk
farkina dayanan bu aymwrma islemi ile
metallerin birbirinden ayrilmasindan ziyade
elektronik  kartlarn  metal ~ olmayan
kisimlarinin ayrilmasi amaglanir. Bu amagla
kullanilan ¢esitli tipte gravite ayirma
cihazlar1 vardir (Freegard ve ark., 2007):
sarsintili masa, havali masa, havali jig,
mozley masasi ve zig zag gravite ayiricisi.

3 DENEYSEL CALISMALAR

Bu c¢alismada elektrikli ve elektronik
ekipman artiklar1 smifina giren bir baski
devre kartt g¢esidi olan bilgisayar ana
kartlarindan fiziksel yontemlerle metal ve
plastiklerin geri kazanimi amag¢lanmuistir.

3.1 Malzeme ve Yontem

Deneylerde atik sinifina gegmis bilgisayar
ana kartlart  kullanilmistir. Bu  atiklar
elektronik atik ticareti yapan bir hurdacidan
temin edilmistir. Farkli {ireticiler tarafindan
farkl tiplerde iretilen ana kartlar, ayn1 tip
metalleri benzer miktarlarda icermektedirler.
Bir devre kartinin igerdigi metal analizi
Tablo 3.1°de verilmistir. Goriilecegi lizere %
78,31 ile bakir ana kartlar igerisinde en ¢ok
bulunan metaldir.

Tablo 3.1 Bilgisayar Ana Karti Metal
Analizi
Element Igf,:/l; ik Element IG‘?/:‘) ik

Cu 78,31 Ir <0,001
Sn 10,41 Ru 0<0,000
Ag 2,63 Cd <0,030
Zn 2,54 Co 0,012
Pb 2,04 Cr 0,044
Sb 1,24 Ga 0,012
Mo 0,90 In <0,036
Fe 0,85 Mn 0,084
Ni 0,59 Nb <0,010
Au <0,02 Ti 0,094
Pt <0,02 \ <0,014
Pd <0,021 \\% 0,034
Rh <0,002

Deneysel ¢aligmalarda atik bilgisayar ana
kartlarindan metal ve plastik ve geri
kazanimi i¢in  fiziksel  zenginlestirme
yontemleri kullanilmistir.

Sirasiyla boyut kiigiiltme ve iki kademe
havali jig ile zenginlestirme uygulanmustir.
Ayrica gravite ayirmast ile karsilastirma
amaciyla sirast ile manyetik ve elektrostatik
ayirma uygulansa da bu islemlerden bir
sonug elde edilememistir.

Deneyler sirasinda boyut analizinin yani
sira metal ve plastik miktarlarini belirlemek
amaciyla kimyasal islemler uygulanmustir.

3.1.1 Elle Ayirma Islemi

Bilgisayar ana kartlarindan kolay
ayrilabilecek kiriciya zarar verebilecek
ozellikteki pargalar ¢esitli el aletleri

yardimiyla ayrilmislardir

3.1.2 Boyut Kiiciiltme

Bilgisayar ana kartlarinin boyut kiigiiltme
isleminde Net Plasmak marka plastik kirici
kullanilmistir. Boyut kiigiiltme islemi sonrasi
-10 mm boyutunda iiriin elde edilmistir.
Zenginlestirme deneylerinde ve analizlerde
kullanilmak {izere; kirilmig iiriiniin homojen
boyut dagilimina sahip olmadigindan 6zenli
bir sekilde karelaj yoOntemiyle numune
almmustir

Tane boyut dagiliminin incelenebilmesi
icin Amerikan Tyler serisine gore 5,6 mm, 4
mm, 2 mm, 1 mm, 0,5 mm, 0,3 mm, 0,212
mm ve 0,15 mm olan elekler secilerek elek
analizi  yapilmistir. ~ Eleme  sirasinda,
bilgisayar ana kartinin temel maddesi olan
fiberglasin (cam elyafi) kirma islemi sonrasi
yinsii bir hal almasi zorluk ¢ikarmustir.
Eleme verimini etkilememesi igin eleme,
laboratuvar eleklerinde el ile yapilmig ve
azami derecede dzen gosterilmistir.

Eleme islemi sonrasi malzemenin %43,8
ile en ¢ok -4+2 mm boyut araliginda oldugu

goriilmiistiir.  Bunun yaninda numunenin
%85,3’liniin +1 mm boyutunda oldugu
saptanmistir. Sekil 3.2°de Tane boyut

dagilim grafigi verilmistir.
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Sekil 3.3 Tane Boyut Dagilim Grafigi

3.1.2.1 Kimyasal Islemler

Kimyasal islemler ilk 6nce her bir boyut
dagiliminin metal igeriginin belirlenmesi ve
daha sonraki zenginlestirme deneyleri
sonuglar1 incelenmesi amaciyla yapilmistir.
Herbir boyut grubu beherde kral suyu ilave
edilmistir. Bu sekilde numunlerein igerdigi
metallerin  tamami  ¢Oziiniirken  plastik
kisitmlar  ise  ¢Ozinmeden  kalmustir.
Cozeltiler filtre edilerek siiziilmiis ve Filtre
kagidinda kalan plastikler yine ayri ayri
asitlerinden arindirilmasi amaciyla yikanmis
ve etiivde kurutma islemi tamamlandiktan
sonra agirliklart  belirlenmistir.  Boyut
gruplaria gore metal dagilimi Tablo 3.3’te
verilmistir.

Tablo 3.3 Boyuta Gore Metal Dagilimi

Boyut Aralig1 Miktar Metal
(mm) (%) Dagilimi (%)

+5,6 5,56 6,31

-5,6 +4,0 21,47 19,84
40  +2,0 43,80 33,99
2,0 +1,0 14,46 19,92
-1,0  +0,5 9,50 15,94
-0,5 +03 1,71 1,75
-0,3 40,212 0,94 0,46
-0,212 +0,15 1,20 0,65
-0,15 1,37 1,13

Toplam 100,00 100,00
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3.1.3 Zenginlestirme Deneyleri

Zenginlestirme  amaciyla  havali  jig
kullamilmigtir. Havali jig esas olarak
yogunluk farkina dayanan bir gravite

aywricist olsa da aymrma isleminde sekil
faktoriiniin de etkisi vardir. Havali jig olarak
All  Air S500 kullamilmugtir.  Gravite
deneyleri ile karsilagtirma yapmak amaciyla
manyetik ve elektrostatik ayirma deneyleri
de yapilmis fakat bunlardan bir sonug
allmamamustir.

Plastik yogunlugunun 1-1,5 g/cm® oldugu
gbz Oniine alindiginda metal taneleri ile
plastik tanelerin kolaylikla ayrilabilecegi
goriilmektedir. Zenginlestirme iki kademede
gercgeklestirilmistir. Birinci kademede temiz
artik ve kaba konsantre elde edilmis daha
sonra kaba konsantre tekrar beslenerek nihai
konsantre elde edilmistir.

Birinci kademe jig deneyinde en iist iki
tabaka temiz atik olarak ayrilmig kalan dort
tabaka ikinci kademe gravite ayirmasi igin
jige beslenmistir. Ikinci kademe jig
deneyinde ise (temizleme) birinci deneyde
elde edilen kaba konsantre beslenmistir.

Deney sirasinda elek analizinde yiinsii
yapist nedeniyle sorun olusturan cam
yiiniiniin oldukga biiyiik bir kisminin filtreye
¢ekildigi gozlemlenmistir. Ayn1 zamanda
kirtlma sirasinda levha haline gelmis bazi
metal pargalarmin alt tabaka da olmasi
gerekirken st tabakalarda oldugu dikkat
¢ekmistir. Buna sekil fakt6riiniin etkisi
biiyiik olmustur. igne yapili cesitli soket
girislerindeki metaller ise elek altina
gecmistir. Altin kaplamali parcalarin gozle
goriilebilir sekilde gogunlugunu olusturan bu
parcalar elek altindan alinmustir.

Tablo 3.4 Birinci Kademe Jig Deney

Sonuglari
. Metal
Uriinler Mtktar Moe tal Dagilimi
% % Y
(1]

Kaba 927 | 360 | 947
Konsantre
Artik 1 2,8 5,0 0,4
Artik 2 3,2 13,0 1,2
Elek Alt1 1,3 99,0 3,7
TOPLAM 100 35,2 100,0
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Tablo 3.5 Ikinci Kademe Jig Deneyleri
Sonuglart

. Metal
Uriinler Mthar M(,e tal Dagilimi

%o % %,
Nihai
Konsantre 45,6 54,7 60,0
Ara Uriin 1 16,8 31,1 12,6
Ara Uriin 2 23,5 33,3 18,9
Artik 12,5 16,4 49
Elek Alt1 1,5 99,0 3,7
TOPLAM 100,0 41,6 100,0

Tablolarda verilen degerler ( Tablo 3.4 ve
Tablo 3.5) birlestirilerek bir metalurjik
denge tablosu olusturulmustur ( Tablo 3.6).
Ara iirlinlin hesaben dagitilmis hali Tablo
3.7°de gosterilmistir.

Tablo 3.6 Birlestirilmis Metalurjik Denge
Tablosu

. Metal
Uriinler M})l/(tar M;tal Dagilin
0 0 %
Konsantre 45,0 57,4 64,0
Ara Uriin 37,3 324 29,9
Artik 17,6 13,9 6,1
TOPLAM 100,0 40,4 100

Tablo 3.7 Ara Uriin Dagitilmasindan Sonra
Metalurjik Denge Tablosu

. Metal
Uriinler Ml)ktar Moe tal Dagilimi
% % %
Konsantre 60,9 57,4 86,6
Artik 39,0 13,9 13,4
TOPLAM 100,0 40,4 100,0

Haval1 jig deneylerinde kullanilan All Air
S500 havali jigin elektronik atik geri
doniistimiinde metal ve plastik ayrimi igin
uygun oldugu goriilmiistiir ancak kapasitesi
yiiksek olan bu cihazda daha verimli bir
ayirma yapabilmek i¢in daha yiiksek
miktarda elektronik atik kullanimi uygun
olacaktir.

Havali jig deneyi sirasinda baski devre
olarak iizerinde serbestlesmemis metal
bulunan plastiklerin ara {irlinde bulunmasi
gerekirken konsantreye, konsantreye gitmesi

gereken levha halini almig metallerin sekil
faktorii  etkisiyle ara driine  gectigi
gozlemlenmistir.

Havali jig deneyi sirasinda elek altina
gecen malzeme agirlikga diisiik miktarda
olsa da hem metal oranmin ¢ok yiiksek
(%99) olusu hem de altin kapli olan
metallerin biiylilk ¢ogunlugu buradan elde
edildigi i¢in ekonomik olarak degeri
ylksektir. Elek {istii iiriinde elde edilen
malzemenin  metal miktarmin  biiyiik
cogunlugunu serbest haldeki metaller
olustururken ara friindeki metal miktar
deney sonuglarinda yiiksek goriinse de bu
durum biiylik ¢ogunlugunu serbestlesmemis
metal bulunan plastiklerden olusmaktadir.

Iki kademe gravite zenginlestirmesi
uygulanan kirilmig atik  bilgisayar ana
kartlarinin metal iceriklerinin tespit edilmesi
amactyla kimyasal analiz  yapilmistir.
Analizlerde kral suyu kullanilmistir. Bu
sekilde metallerin tamami ¢6zeltiye alinirken
plastikler ¢éziinmeden kalmistir. Metallerin
agirlikga miktar, deneylerde elde edilen
triinlerin miktarindan ¢6ziindiirme sonrasi
kalan plastiklerin miktar1 bulunmustur.

Manyetik  ve  elektrostatik  ayirma
deneylerinde, yapilan diger c¢alismalarda
oldugu gibi ilk 6nce manyetik daha sonra
manyetik olmayan iiriine elektrostatik ayirma
yapilmistir. Kirma isleminden sonra bu
deneyler i¢in numune alinmistir. Fakat eleme
isleminde sorun yaratan cam yiinii burada da
topaklanma yaparak tanelerin bir arada
hareket etmesine sebep olarak manyetik
ayirmayl miimkiin kilmamistir. Dolayisi ile
elektrostatik ayirmaya gerek kalmamistir.

[lk etapta manyetik ayirma deneyinden bir
sonug elde edilemeyince bu kez havali jig
deneyinde cam yiinii sistemden uzaklastigi
icin, havali jig ara iriinii manyetik ayirma
islemine tabi tutulmustur. Fakat bu deneyde
ise beslenen numunenin tamami manyetik
olmayan firiin olarak ¢ikmistir. Daha sonra
manyetik olmayan {iriin elektrostatik ayirma
cihazina beslenmis fakat baski devre
tizerinde bulunan metallerden dolay:1 biitiin
numune iletken kisma ge¢mistir. Dolayisi ile
bu islemlerden de bir sonu¢ elde
edilememistir.
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Elektrostatik ayirma deneylerinde
kullanilan  elektrostatik  ayirict  etkili
olmamistir ancak endiistriden ve yapilan
diger calismalarda kullanilan Eddy Current
elektrostatik ayiricis1 kullanarak bir ayirma
gerceklestirmek miimkiin olabilir. Manyetik
ayirma deneylerinde de yiiksek alan siddetli
manyetik ayirma kullanilabilir.

4 SONUCLAR

e Plastik kirict ile metal ve plastik
serbestlegsmesi amactyla yapilan boyut
kiigiltme islemleri sonucu deney
numunesine yapilan elek analizi sonucu
elde edilen boyut gruplari igerisinde en
fazla malzeme %43,80 ile -4+2 mm
boyut araliginda  oldugu tespit
edilmistir. Yapilan kimyasal analiz
sonucu en yiksek metal iceriginin %
33,31 oraniyla bu boyut grubunda
oldugu ve % 33,4 dagilmu ile
goriilmektedir.

e Havali jig deneyleri sonucunda elde
edilen Ara iiriiniin hesaben dagitilmasi
sonucu, agirlikca % 60,9 oraninda ve %
57,4 metal icerikli konsantre %86,6
verim ile elde edilirken; agirlikga %39
oraninda %13,9 igerikli atitk %13,4
verim ile elde edilmistir.

e Manyetik ayirma ve elektrostatik ayirma
deneyleri sonucu basarili bir ayirma
gergeklestirilememistir.

e Havali jigin elektronik atik  geri
doniisiimiinde metal ve plastik ayrim
icin uygun oldugu goriilmiistiir, ancak
kapasitesi yiiksek olan bu cihazda daha
verimli bir ayirma yapabilmek i¢in daha
yiiksek  miktarda  elektronik  atik
kullanimi uygun olacaktir.
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ABSTRACT As the mineral processing process design and technology improved over the
years, especially in the recent years, Turkey advanced fast forward in chromite beneficiation.
With the impressive advent on the commodity prices in this decade, both established and
entrepreneurial companies, domestic and foreign have flocked to Turkey and have followed
the iterative approach to perfect the processing equipment locally manufactured aided by the
establishment of separate mineral processing departments at the established Turkish
universities. This will continue unabated because the ore grades are declining, cost cutting is
prime goal and the innovative smelting technologies can now handle fines. This paper

presents in some detail this recent success story.

1 INTRODUCTION

Clearly one of the best inventions of
mankind has been the ability to explore and
identify the valuable minerals in the ground,
dig them up, extract the valuable parts and
get rid of the waste. Many of the enabling
technologies from producing pig iron in the
blast furnace to copper floatation using
surfactants have been instrumental in
shaping our modern lives. And this impact
will continue unabated in light of the wild
gyrations in the commodity prices based on a
foundation of economic fundamentals of
supply and demand. Within this context
mining and mineral processing constitute at
an increasing rate the most important
economic and industrial activities of our
modern world. This is to be expected as the
human population increases and a massive
urbanization takes hold making demands for
lithium extraction to be used in mobile
phones, steel to be used for bridges and
construction and chromium to be added to
iron and nickel and to make stainless steel
kitchenware to be used by the newly
urbanized populace. Although there was a

dire prediction back in 1970s published by
the club of Rome in this influential report
called the limits to growth the recent trends
and data indicate that there is plenty of
mineral resources albeit with lower grades
requiring and making ore beneficiation a
critical element in the supply chain of metals
and minerals. For example, for chromium, an
essential element for the making of stainless
steel and more or less the inspiration for this
paper, only about one third of the total 4.72
billion tons in the world deposits can be
classified as rich grade which makes mineral
processing imperative.

2 "THE BENEFICIATION"
2.1 “What is it for?”

Chromite beneficiation aka processing is
required to enrich low grade ores which is
not economical to be sold under the market
conditions. Currently market accepts + 30%
grade of chromite ore but at a very low price.
(open to fluctuation approx. 100-120$/t
FOB) Hence the most rational method in the
utilization of poor grade chromite ores is to
be able to provide sufficient grade of
chromium in the feed material as well as
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providing it in a suitable form for an
efficient production, such as in the DC arc
furnaces which is gaining ground vis-a-vis
AC furnaces used in ferrochrome production.
Therefore, within the supply chain of the
mining industry, ore beneficiation or mineral
enrichment becomes the essential link
between the Earth's resources in the ground
and a sellable commodity which can be used
directly by a customer.

2.2 “Why is it needed?”

This is basically relying on the most basic
principle of mineral processing which is not
to transport the waste minerals. When the ore
is mined out at a low grade, to be able to
extract the valuable from the waste, it needs
to be processed in a distance as short as
possible so that it can have a market and or
further processing value.

Of course the conventional wisdom is that
beneficiation is more needed as the ore grade
decreases and the energy needed to produce
the final product increases. However,
incremental improvements done in the
mineral processing methods, better design of
the beneficiation tools, and a push coming
from the mineral industry to live up to its
commitment to sustainability principles,
hence spending more time and money in the
planning, research and development and in
the design and construction of the
beneficiation plant are helping the growing
demands of the market.

2.3 “What is chromite concentrate for?”

In the steel industry, chromite ore is used for
ferrochromium production, which is another
input for stainless steel production. A steel
alloy which has a minimum of 10.5%
chromium by mass is defined as stainless
(inox) steel. Therefore, the stainless property
of a steel comes from the ferrochromium and
so from chromite ore itself. Concentrated,
which is ground to usually —Imm chromite
particles cannot be used directly into AC
ferrochromium production furnaces. By the
aid of new tech DC furnaces, fine chromite
can be consumed with no problem as long as
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it is of high grade at least 48%. Since
concentrated chromite ore usually gives
higher grade output on average grinding
sizes, it makes this kind of process possible.
This is not only the case for high carbon
ferrochrome. The need for a higher grade
chromium concentrate is even more essential
in the making of low carbon ferrochrome.

Also, although currently Turkey has
enough reserves to be able to precede
production with lumpy ores through AC
furnaces, in the future, with the depleting
lumps, and lower grade, processed, i.e.
enriched low grades will be the only resource
for ferrochromium production.

3 “CONCENTRATE MARKET”

Concentrate demands in recent years
increased so did the prices. Since China
established more DC furnaces, their purchase
of concentrate has risen up drastically. They
learned how to ship their specs and gained
benefit from the uptick in the concentrate
market. As a result and simply, concentrate
production has become so important.

e Turkey's Lumpy and Concentrate
Chrome Ore Prices

400

idad * Since the end of 2011, the

price movements show the
increasing demand to the high
grade chrome concentrate.

48.Cors.  ==Chrome Ore: 642, Zumpy

Figure 1. Price gap increasing between lumpy
chromite ore and chromite concentrate

One thing that PGM producers discovered
was that the chromite in the tailings after the
platinum is extracted could actually be sold
as chromite ore. These are UG2 Bushveld
Complex ores where platinum could be
found. Many South African companies did
throw away their tailings although they
contained already ground chromite which
was ready for the production. Once they
discovered this case, they began extracting it.
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In fact, their chromite concentrate production
costs were nearly zero to them. Only a few
pumps and spirals were their capital and the
overall operational costs. To be able to
compete with ‘nearly free” UG2 sourced
chromite ores, Turkey must improve the
local technology to lower the costs of per
unit chromite concentrate. Competing with
other world concentrate producers, Turkish
companies definitely do need something,
which is ‘Government’s Support’ or
sponsorship. It is a fact that when
government eases the companies’ burden, the
sector thrives. India and Oman is a good
example of such a sponsorship of
government  helping the  concentrate
production companies.

4 “CHROMITE PROCESSING”

Of course there are several mineral
processing techniques available to mining
companies like  floatation, = magnetic

separation etc. but the one used most, and
some of old-timer miners swear by it saying
it is the most suited for Turkish chromium
type ores is gravity concentration. It is
probably 2000 years old and is now
undergoing a renaissance of sorts as the
mineral and mining industry focuses on
mineral separation and beneficiation as the
chrome ore grade decreases and the
volumes to be treated increase exponentially.

Gravity processing utilizes the natural G
force applied on the valuable and waste
mineral. To hinder the overall material
movement distances due to gravity, water is
presented. In short, ‘Chromite is separated
from its waste according to their behavior
inside water.’

Chromite processing requires suitable
liberation size defined by liberation tests
applied to the ore. Several tests like optical
counting, dense medium tests etc. are
available. When optimum size is determined,
the feed material is crushed, ground to that
size so that beneficiation can continue.
Afterwards, jigs, dynawhirlpools, cones,
spirals, shaking-tables, centrifugal
concentrators take place to recover chromite
from the ground complex.

In gravity concentration the efficiency of
the process does not depend on the size of
the particles as long as the mineral has been
liberated from the rock. The other advantage
of gravity concentration is that water is used
as the medium with no expensive reagents
added. In setting up the concentration plant
on a hillside provides the necessary
acceleration force and the convenience of
designing the concentration plant in 3, 4, 5
levels as enrichment improves from top to
bottom. In short, gravitational enrichment is
cost-effective, uncomplicated, highly
efficient and relatively easy to set up, and
because of all these reasons, hence the
renaissance in gravity concentration plants.

5 “CHROMITE MINING”

Although the country has some 70+
commodities being actively mined, the
country still remains to be very much
untapped and offers a large resource
potential for an increasing number of global
mining companies. The country's mining
industry in the past has lagged behind the
manufacturing industry and contributed very
little to the overall GDP of Turkey. Then the
Turkish government has recognized the
importance of mining and has set a target to
achieve some 5% of the GDP in 2023, the
100" anniversary of the Republic. Hence, the
country along with the private investors and
the government are preparing Turkey to
become a vibrant mining country. Apart
from Boron, Chromite is Turkey's largest
metal product followed by gold, bauxite and
base metals. During the financial crisis in
2009 Turkey’s mining industry suffered a
serious blow and then slowly recovered in
2010 and continuing to 2011 with the global
recovery and increased demand, primarily
from China and the other growth markets.

6 “PROCESSING IN TURKEY”

Turkey is a country where alpine type
massive high grade chromite does exist. But
since the reserves are dwindling, it has
become unavoidable to start processing low
grade ores and utilizing systems consuming
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fines as an input. Although this is a scenario
which will play in full force more in the near
future, it is essential to prepare for this
eventuality now. Therefore beneficiation of
low grade ores and the science and the
practice of mineral processing of chromite
ore have become important in Turkey.
Earlier, not even 20% grades of chromite
were worth processing but now, even 5%
grade feed is considered rich enough to be
processed. It is now possible to obtain, 48%
grade concentrate and 5% (today’s feed
grade) tailings, 2.81:1 ratio (34.88% of feed
as concentrate) from 20% grade feed. On the
other hand, today’s 5% grade of feed would
only give a concentrate with a ratio of
13.28:1 (7.53% of feed material) where
product is 48% and tailings are at 1.5%. Such
a tailing grade like 1.5% is very hard to
obtain under plant conditions and requires

sophisticated instruments to constantly
monitor and control the processing
environment.

7 “KEF: A ROLE MODEL”

Early on, beneficiation of low grade ores was
recognized and one of the best examples of
such a modem concentration plant was
erected at Kef, Elazig was with an 84 tph
capacity. The factory was established in
1991 since the dry processing plant was not
performing properly. The plant was entirely
designed and set-up by a Finnish company
from a to z. Some Turkish staff was trained
only for a few days in the parent company’s
factory abroad and then it switched on. A
plethora of problems ensued during the
commencement of the operations. It was just
because plant operators simply didn’t know
what to do, how to adapt the processing plant
according to the fluctuations in the feed
grades. Even though during sampling phase ,
actually where everything begin, the most
important stage, to be able to set up the plant,
the sample feed ore is washed, ‘polished’ and
sent to Finland in a manner of showing off
that ‘Turkey’s low grade is not that low’.
(Sampling must be properly done to be able
to represent the whole mass of ores that will
be processed. There is no reason to clean up
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the sample before putting it into some
analysis. In fact, cleaning up the sample kills
the purpose of sampling). When you check
the project parameters, you can see that
average feed grade is expected around 32%
which means, the plant cannot process
grades below 32% efficiently. Concentrate
grade was targeted to 42%. Old plant tailings
are around %20. When the recovery is
calculated it is possible to see a value around
%71 which sounds good. But the truth of the
matter is a different thing indeed. Average
feed grades were not going above 25% and
so the recovery plummeted down to 49% and
ever further.

One of the main problems of the plant was
that it was modeled after the existing plants
operated in the company’s country designed
according to the geography and topography
of the native flat landscape. Inordinate
amount of leveling was done to make the
hilly landscape more flat instead of using the
oldest force of separation referred above,
gravity. This resulted in using some 30 slurry
pumps continuously circulating the pulp
inside the plant instead of the 9 or 10 needed
if the slope could have been used with
natural flow. This resulted in the undue
increase in operational costs.

o000 ETI Chrome Annual

S00.000 Concentrate Capacities

400 000

Amount (1)
=
8
3
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m Production W Feed

Figure 2. Annual concentrate production of
ETI Chrome. Note the expected revisions
projects completed at Kayseri and Iskenderun
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After the privatization of ETI Krom A.S. a
transformational change took place, not only
in the day-to-day operations but the whole
plant was re-plumbed, re-wired and adapted
to the very specifics of the feed, the
environment, and the available engineering
know-how. As a result, dramatic results were
obtained and the improvements were
noticeable. For example, even a minimum
11% feed grade could be fed to the plant and
the recovery increased to 66%. Further
improvements are constantly being made and
the current project is focused on finer
particles achieving a final recovery circa
75% and a grade around 48% but still,
market demand and constraints are important
for production amounts.

8 “KNOWLEDGE IN TURKEY”

With the dramatic rise of the commodity
prices in the 2000’s coupled with more
liberal attitude of the Turkish government
granting concession rights to the private
sector, many of the domestic and foreign
mining companies have shown a keen
interest in exploring, mining and building
beneficiation plants in Turkey. Not only the
expertise in mineral beneficiation has
improved, so has the expertise of the
equipment suppliers, automation engineers,
process  engineers, safety and the
environmental engineers.

There are 2 types of concentrate plants being
built in Turkey which are the slovenly ones
and the ones with proper infrastructure. From
small to large companies, more of
entrepreneurial fervor has caught fire and
many miners and non-miners have now built
their own concentration plants. Many of
these plants are located in the well-known
regions like Bursa-Orhaneli, Adana-Aladag,
Eskigehir-Kavak region, and Elazig-Guleman
Turkish companies are now capable of
designing and building their own processing
plants with their own and/or contracted
engineering teams. Even mineral processing
engineering has become a sub-branch on its
own and a few of the universities, amongst
them  Istanbul  Technical  University,

Hacettepe and others have founded separate
departments with research cadres performing
truly world class research serving many of
the local mining companies. Many mineral
processing engineers have entered into the
mining engineering market and they are
capable of planning the whole plant, the
beneficiation process flow, and any of them,
including females, are now running whole
shifts or the entire factories. With the
estimates running around only 40 % of the
mineral riches of Turkey have now been
and/or are actively mined, the advent of
mineral processing in Turkey will continue
many years into the future.

9 “MADE IN TURKEY”

Not only equipment for chromite processing
but in all sectors of mineral processing, there
is a huge increase in local suppliers
compared to say only 10 years ago. Most of
these companies are small in scale primarily
manufacturing customized gear for the
processing industries and are primarily
located in the Organized Industrial Zones
(OIZ) near the bigger cities in the mining
regions. Companies from Yildirim — Bursa,
Cayirova — Kocaeli, Tuzla — Istanbul,
Mecidiyekdy — Istanbul, Ostim — Ankara can
produce many mineral processing equipment
and their spare parts like, rod mills, ball
mills, screens, polyurethane spares, pumps,
pump liners, mill liners, hydrocyclones,
shaking tables, spirals and many more. With
these local options available, mineral
processing plant erection and machinery
costs can go down substantially. For
instance; an official quotation for a mineral
processing plant project around 110M € can
easily go down to 60M € with Turkish brand.
Just in case of a misunderstanding; these
companies are not sweatshop producers but
pioneers of Turkey.

10 “PROCESSING TECHNOLOGIES”

Todays’ chromite processing technology is
nothing new and exploits the relative
movement in response to gravity to separate
the mineral from the dirt. For many years,
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the basic design of the equipment and the
process flow has not changed much
dramatically but a better quantifiable
understanding of the concentration processes
have resulted in incremental changes. The
fact that the proliferation of many entries
into this field have produced a fast learning
environment with producing a prototype
followed by testing it with a certain type of
ore-experimenting-copying-altering, and
producing the final product by the well-
known iterative innovation cycle. Still there
is some rather new equipment available. All
these stuff below are available to our country
and being used to recover chromite in
Turkish Processing Plants.

MGS (Multi Gravity Separator): This is
modeled after a shaking table in action.
Shaking table can only utilize G-force which
naturally comes with earth downwards to the
ground. But the shaking table rolls on itself
and sticks with the ends, one ends up with a
multi gravity separator. This cylinder rotates
at a speed generating a centrifugal force and
so another G-force is now created. The
revolution speed allows one to control the
force which is actually constant for the
shaking table. MGS can be used for fine
particles below 200pn to 10u at a %55 max
recovery performance. To get rid of -10u
MGS must be utilized with a hydrocyclone
group (usually mushroom type).

Centrifugal Concentrators: This semi-
continuous (batch) concentrator is a specially
designed fluidized centrifuge that separates
heavy material, such as gold and platinum,
from lighter background material such as
quartz. The material must be ground to an
appropriate size, mixed with water, and then
fed into the machine. Equipment generally
applied to materials in which the heavy
component to be recovered is a very small
fraction of the total material. For most
primary applications the grade of the heavy
material will be less than 500 grams/ton
(0.05% by weight).

Centrifugal Jig: Yet another centrifugal
concentrator but this time it is a jigging
machine rolled. It is used with a screen for
collecting ragging materials (usually metal
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balls with proper density). Processing can go
down to 10p.

Apart from these rather new technology,
many modified shaking tables (e.g. zig-zag),
many different kinds of spirals utilized for
different ore types both used and produced in
Turkey by totally domestic companies.
Furthermore some concentrator plants are
capable of producing their own equipment
totally customized to suit their own needs.

11 “CONCLUSION”

Turkey in recent times performed very
well and excelled in chromite concentrating
branch of mineral processing and the know
how in the design, engineering, and the
equipment have improved immensely
following a reiterative method commonly
seen in innovation models. There are
chromite processing plants available for
processing %7 feed grade at a capacity of
4000 tpd each with a total 8000 tpd which is
world class. Turkish Universities are
graduating good engineers with an
engineering degree in mineral processing.
The Turkish government’s focus on mining
to improve its share in the overall country’s
GDP is also encouraging for more
exploration, assaying, and both established
and entrepreneurial companies to start
mining ventures, especially in chromite.
Many local companies are producing high
quality machinery which can now compete
with their foreign competitors. “4 new era in
Turkish  chromite processing is being
underway guided by Turkish engineers...”
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TTK Amasra Lavvart Agir Ortam Tamburu ve Siklonlarinda
Komiir Yikama Performans Calismasi

The Evaluation of Coal Washability Performance of Heavy Media
Drum and Cyclones in TTK Amasra Coal Washing Plant

A. Ugar, S. Stialp
Dumlupinar Universitesi, Maden Miihendisligi Boliimii, Kiitahya

OZET Bu calisma kapsaminda TTK’ya bagh Amasra Lavvari’'min  performansi
degerlendirilmistir. Amasra Lavvari’nda kaliteli komiir {iretimi gerceklestirmek icin ocaktan
¢ikarilan tiivenan komiir -100+10 ve -10+0,5 mm boyut gruplarina siniflandirilip, bu boyut
gruplart sirastyla agir ortam tamburuna (AOT), ve iki adet agir ortam siklonuna
beslenmektedir. Performans degerlendirme kapsaminda ii¢ ayri agir ortam cihazinin
beslemelerinden, yiizen firiinlerinden ve batan iiriinlerinden ayri ayr1 alinan numunelere
ylizdlirme-batirma testleri uygulanmstir. Test sonucu elde edilen {iriinlere kiil analizi yapilmis
ve her agir ortam cihazinin performans egrileri ¢izilmisgtir. Bu performans egrilerinden bir
performans kriteri olan hata faktdrleri (E,) saptanmus ve karsilastirmalart yapilmistir.

Agir ortam tamburunda yapilan performans ¢alismalart sonucunda hata faktorii olan E,
degerinin ideal E, degeri sinirlarinin biraz {izerinde oldugu goriilmiistiir. Agir ortam siklonu-1
(AOS-1) icin hesaplanan E, degeri arastirmacilarin 6ngérdiigii ideal E, simirlar1 igerisinde
kalmaktadir. Fakat agir ortam siklonu-2 (AOS-2) iizerinde yapilan performans ¢alismalarinda
elde edilen E, degeri, birtakim arastirmacilarin agir ortam siklonlar i¢in ngordiigii ideal E,
sinirlar1 igerisinde yer alirken, bazi arastirmacilara gore de ideal smirlarin iizerinde yer
almaktadir. Ayrica AOS-2’de daha fazla olmak iizere biitiin cihazlarda kesme noktasi
kaymas1 olmustur.

ABSTRACT In this study, performance of Amasra coal washing plant, which belongs to
TTK, was evaluated. To perform high-quality coal production in this plant, run of mine coal
extracted from the quarry is classified into -100 +10 and -10 +0.5 mm size fractions and these
classified size fractions are respectively fed to heavy media drum and two heavy media
cyclones. For the performance evaluation, float-sink tests were applied to samples taken
separately from the feeds, concentrates and sink products of three heavy media devices. Ash
analysis was made for the products obtained as a result of the test and performance curves of
each heavy media device were plotted. The error factors (E,), performance criteria, were
determined from these performance curves and comparisons were performed.

As a result of the performance studies made in heavy media drum, E, values of the error
factor were found to be slightly above the limits of the ideal value of E,. E, value calculated
for the heavy media cyclone-1 (HMC-1) remains within the ideal E, boundaries envisaged by
researchers. The value of E, obtained from performance studies conducted on the heavy
medium cyclone-2 (HMC-2) is located within the E, boundaries set forth for an ideal by a
number of researchers, while according to some researchers, located on the ideal borders. In
addition, shifting of cut-off point has occurred in all the devices, including further for HMC-
2.
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1 GIiRiS

Komiir, diinya capinda dagilmis biiyiik
yataklara sahip olarak en ¢ok bulunan fosil
yakittir ve genel olarak enerji lretiminde
kullanilmaktadir. Diinya da  kullanilan
elektrik enerjisinin yaklasik %35’ termik
santrallerden elde edilmektedir ve bu oran
giderek artmaktadir.

Biitiin komiirler az ya da cok killer, silika
(kuvars), karbonatlar (Ca, Mg veya Fe), ve
stlfirler (genellikle pirit ve/veya markasit)
gibi mineral maddeler igerirler (Larsen ve
Gorbaty 2001, Smoot ve Baxter 2001).

Bu nedenle komiir, biiyiik ¢evresel
sorunlara neden oldugu icin iretildikten
sonra dogrudan kullanima
sunulamamaktadir.

Gilinimiizde c¢esitli kullanim alanlarinda
farklilik gostermekle beraber, genel olarak
komiirde asagidaki 6zellikler istenmektedir.

o Disiik kiil orant,

o Diisiik nem igerigi,

o Diisiik kiikdirt, fosfor ve alkali igerigi,

o Belirli tane iriligi, kalorifik deger,

e Koklagma yetenegi (Sonmez 2007,

Sengiil 2008).
Komiiriin yukarida belirtilen 6zellikleri
saglamasi, uygun Dbir yOntem veya

yontemlerle etkili bir sekilde yikanmasi ile
miimkiindiir. Komiir yikama, tlivenan komiir
icerisindeki istenmeyen safsizliklarin, komiir
ve yantas arasindaki fiziksel ve/veya ylizey
Ozellikleri farkindan yararlanarak ayrilmasi
islemidir. Bu sekilde komiir yikama islemi
sonucu, Uriin  Ozelliklerinde  siireklilik
saglanmaktadir. Komiir yikama igin yontem
se¢imi yapmadan Once mutlaka yapilmasi
gereken On c¢aligmalar vardir. Bunlar temsili
numune alimi, tiivenan komiiriin kimyasal
analizi, elek analizleri ve ylizdiirme-batirma
testleridir. Komiir yikama yontemi segimi
oncesinde gerekli arastirmalar yapilmadig:
takdirde, beklenen firiinler alinamamakta ya
da verimde Onemli kayiplar ortaya
¢ikabilmektedir (Arslan vd 2009).
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Komiirtin  yikanabilirlik  6zelliklerinin
tespiti amaciyla yapilan yiizdiirme-batirma
testleri, kurulmas: planlanan bir komiir
yikama tesisinin tasarimi i¢in  gerekli
caligmalarin ilk agsamasini olusturmaktadir.
Bu testler, komiiriin farkli  yogunluk
fraksiyonlarinda dagilimi hakkinda bilgi
vermesi yaninda, s6z konusu komiiriin
yikama islemine tabi tutulmasi sonucunda
elde edilebilecek tiriinlerin miktar1 ve kiil
oran1 hakkinda teorik bir bilgi vermektedir.
Bu verilerin teorik olmasindan, ¢ogu zaman
uygulamada farkliliklar ¢ikmaktadir. Oysa,
tesiste  kullanilan  cihazlarin  ayirma
performanslarinin ~ bilinmesi  durumunda,
yikanmas1 diisiiniilen komiirlerden elde
edilecek temiz komiir ve sist miktarlarinin
onceden gercege yakin degerler ile tahmini
miimkiin olabilmektedir (Deniz ve Umucu
2004).

1.1 Komiir
Performans

Yikama Tesislerinde
Komiir yikama tesisinin kurulmasi kadar,
kurulusunda hedeflenen dogrultuda siirekli
calismasini saglamak da onemlidir. Bu da
ancak calisma kosullarinin devamli denetimi,
sonuglarin  degerlendirilmesi,  hedeflerle
kiyaslanmasi, gerekli diizeltmelerin
yapilmasi ile miimkiindiir. Bu siirecin timi
performans Ol¢limii  olarak adlandirilir.
Performans oOl¢iimii ile kayip ve kagaklar
kontrol altina alip minimize etmek,
maliyetleri en diisiik seviyede tutmak, plan
ile fiili durumu kiyaslamak, varsa planda
ortaya cikan hatalar1 gidermek miimkiindiir
(Arslan vd 2009).

Giinlimiizde en cok kullanilan ydntem
Tromp egrisi ile yapilan performans
degerlendirmesidir. Tromp egrisi, tiivenan
komiirde belirli yogunluktaki malzemenin
ayirma sonunda temiz komiire veya artik
siste gecen oranlarin1 gosteren bir egridir.
1937°de ortaya cikan ve giiniimiize kadar
yaygin sekilde kullanilan Tromp egrisi,
simdiye kadar ayirim egrisi, dagilim egrisi,
partisyon egrisi, hata egrisi gibi isimler
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altinda kullanilmistir. Bu egriden gercek
ayirma yogunlugu, hassasiyet faktorii
(imperfeksiyon), hata faktorii (E,) gibi
bilgiler elde edilebilmektedir. Elde edilen bu
bilgiler sayisal oldugu i¢in kiyaslanabilir
degerlerdir. Bu bilgiler sayesinde tesisin
hedeflenen dogrultuda calisip ¢alismadigi
belirlenirken, ayni zamanda performansta
diisiis varsa bunlarin sebeplerinin
arastirilarak  diizeltmelerin yapilmas: igin
gerekli bilgileri saglamasi s6z konusudur
(Atesok 1986, Arslan vd 2009).

Agir ortam cihazlarinda ortam
yogunlugunun ayirma yogunluguna esit
oldugu diisliniilse de pratikte ortam
yogunlugu gercek ortam yogunluguna esit
olmamaktadir. Tlivenan kdmiirde bulunan ve
yogunluklari ayirma yogunluguna esit olan
parcalarn = %50’sinin  temiz =~ kOmiire,
%50’sinin de artik siste gececegi kabul
edildiginden, Tromp egrisinin gegtigi %50
dagilim noktasindaki yogunluk degeri ayirma
yogunlugu olarak tanimlanmaktadir. Tromp
egrisi  ile ger¢cek aymrma  yogunlugu
belirlenebildiginde, bu  deger  ortam
yogunlugu ile kiyaslanabilmekte ve kesme

noktasindaki kayma da rahatlikla
goriilebilmektedir (Atesok 1986, Sengiil
2008).

Biitin Tromp egrilerinde %25 ile %75
daghm katsayilar1 arasinda kalan dogrunun
egimi, prosesin etkinliginin bir ol¢iisiidiir.
Tromp egrisinde, %25 ve %75 dagilim
faktorlerine  tekabiil eden yogunluklar
farkinin yaris1 hata faktdrii olarak tanimlanir
ve E, olarak ifade edilir. Hata faktori,
ayirma etkinligi hakkinda bilgi vermektedir.
Diisiik bir E, degeri iyi bir aymrima isaret
ederken, biiyiik bir E, degeri ayirimin iyi
olmadigini gosterir (Gupta ve Yan 2006, Burt
1984, Siialp 2012, Kemal ve Arslan 1999).

Bir agir ortam cihazinin performansi ile
ilgili bir degerlendirme yapabilmek igin
Tromp egrisine iki agidan  bakmak
gerekmektedir. Bunlardan birincisi egrinin
dike yakin olup olmadigidir. Ayirmanin
%100 verimle yapildigt bir agir ortam

cihazina ait ideal bir Tromp egrisi diktir.
Fakat, ortaya  saywisal  bir  deger
konulamadigindan, bu yontemle yapilan bir
performans  analizinin  pek  saglikli
olmayacagi agiktir. ikinci ydéntem ise, hata
faktorii olarak tanimlanan E, degeridir. E,
degeri, performans: sayisal olarak ifade
edebilen bir deger oldugundan, E, degeri
kullanilarak yapilan performans analizlerinin
daha saglikli sonug verecegi aciktir (Arslan
vd 2009).

Ulkemizde devlet eliyle tagkdmiirii {iretimi
yapan tek kurulus olan Tiirkiye Taskomiiri
Kurumu’na ait yer alti ocaklarinda iiretilen
komiiriin agik ocaklara nazaran yeterince
selektif bir sekilde kazanilamamasi, ocak
sonrast yikama islemlerinin énemini bir kat
daha artirmaktadir. Biiyilk bir bolgesel
potansiyele sahip olan TTK komiiriiniin
yikanmasi islemleri, temiz komiir
teknolojilerinin yayginlagsmas: agisindan da
son derece onemlidir. Bu durumda TTK’ya
ait komiir yikama tesislerinin g¢alisma
kosullarmin ~ denetimi,  performanslarin
Olglimii ve bu 6l¢iim sonuglarinin hedeflerle
kiyaslanmasi gerekmektedir.

Bu c¢alisma kapsaminda TTK’ya bagh
Amasra Lavvart’nin performansi
degerlendirilmistir.  Amasra Lavvari’'nda
kaliteli komiir iiretimi gergeklestirmek igin
ocaktan ¢ikarilan tiivenan komiir
siniflandirilarak, -100+10 mm frnksiyonu
agir ortam tamburuna, -10+0,5 mm
franksiyonu ise iki adet agir ortam siklonuna
beslenmektedir.

2 KOMUR _YIKAMA TESISI
PERFORMANS OLCUMU

2.1 Malzeme ve Yontem

TTK  Amasra  Taskomiiri  Isletmesi
Miiessesesi yer alt1 ocaklarindan ¢ikarilan ve
-100 mm altma indirilerek yikama

initelerine gonderilen tiivenan komiiriin elek
analizi Cizelge 1’de verilmistir. Cizelge 1’de
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tane boyutu azaldikca kiil oranmnin da

azaldig1 goriilmektedir.

Cizelge 1. Amasra komiirii elek analizi

Boyut |Miktar |Kiimiilatif |Kiil
(mm) [(%) miktar (%) | (%)
100+50 [18,77 18,77 79,03
-50+18 (28,12 46,89 63,44
-18+10 [10,37 57,26 55,8
-10+6 5,86 63,12 49,96
-6+0,5 [27,98 91,1 48,59
-0,5 8,9 100 46,4
Performans degerlendirme kapsaminda

Amasra Lavvari’nda bulunan agir ortam
tamburu ve iki adet agir ortam siklonunun
besleme, ylizen iiriin ve batan iiriinlerinden
ayr1 ayr1 numuneler alinmis ve her numuneye
yiizdlirme-batirma  testleri uygulanmugtir.
Test sonucu elde edilen {iirtinlerin kiil analizi
yapilmis ve elde edilen sonuglarla her bir
agir ortam cihazinin performans egrileri
cizilmistir. Bu performans egrilerinden E,
performans kriteri saptanmig ve
karsilagtirmalari yapilmistir.

2.2 Yiizdiirme-Batirma Testleri

Komiir hazirlamada,  ylizdiirme-batirma
testleri komiiriin yikanabilirligi ile 1ilgili
bilgiler iiretmek ve komiir yikama
cihazlarinin performanslarini belirlemek igin
yaygin olarak kullanilmaktadir. Bu testler,
fazla zaman alic1 ve sikici olmasi nedeniyle
simirli sayida yogunluklarda yapilmaktadir.
Testlerden elde edilen veriler, yikanabilirlik
egrilerinin  ¢izimi i¢in  kullanilmaktadir
(Leonard 1979, Osborne 1988).

Yiizdiirme-batirma testlerde kullanilan
agir ortam ¢ozeltileri ¢inko kloriir ile
hazirlanmig ve 1,3-1,9 gr/cm3 araliginda 0,1
gr/cm’ artan ortam yogunluklar
kullanilmigtir.  Testlerden alinan  biitiin
yogunluk fraksiyonlarindaki iirlinler ayr1 ayri
yikanmis, kurutulmus, tartilmis ve kiil
analizleri yapilmustir.
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2.2.1 Agwr Ortam Tamburu
Yiizdiirme-Batirma Test Sonuclart

-100+10 mm boyutlu iri kémiiriin yikandig:
AOT’nun  besleme, yiizen ve batan
iiriinlerinden alinan numunelere yiizdiirme-
batirma testleri uygulanmig, elde edilen
sonuglarla olusturulan kiimiilatif yiizen ve
kiil egrileri Sekil 1-3’te verilmistir.
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Sekil 1. Agir ortam tamburu beslemesi
kiimiilatif yiizen ve kil egrileri
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Sekil 2. Agir ortam tamburu yiizen iriini
kiimiilatif yiizen ve kiil egrileri

AOT’dan aliman {rlnlerin  kiimiilatif
yiizen egrileri incelendiginde  ayirim
yogunlugunun yaklagik olarak 1,8 gr/cm’
oldugu anlagilmaktadir. Yiizen iirlinde 1,8
gr/em’’ten agir tanelerin, batan iiriinde ise
1,8 gr/em®ten hafif tanelerin miktarlari
olduke¢a azalmaktadir.
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Sekil 3. Agir ortam tamburu batan iiriinil
kiimiilatif ytizen ve kiil egrileri.

AOT’dan alinan {iriinlerin kiil egrilerine
baktigimizda temiz komiirde bulunan 1,7
gr/cm3’ten agir, 1,8 gr/cm3’ten hafif tanelerin
kiil degerlerinin yaklagik %45 oldugu
anlagilmaktadir. Ortam yogunlugu olan 1,7
gr/em’’ten hafif ve bir alt degeri olan 1,6
gr/cm’’ten agir tanelerin kiil degerlerinin ise
%36 civarinda oldugu goriilmektedir. Bu iki
kil  degeri arasinda  oldukca  fark
bulunmasina ragmen, temiz kOmiirde
bulunan 1,7 gr/em®ten agir, 1,8 gr/cm®ten
hafif tanelerin toplam temiz kOmiir
numunesinin - %2,76’smna  tekabiil etmesi
nedeniyle ayirim yogunlugunun 1,8 gr/cm®’e
kaymasinin temiz komiir kalitesine fazla
olumsuz etkide bulunmayacagi agiktir.
Ayrica batan lriinde kiil degerleri %50-56
arasinda degisen %1,21 oraninda komiir
bulunmaktadir.

2.2.2 Agwr Ortam Siklonu-1 Yiizdiirme
Batirma Test Sonuclart

-10+0,5 mm boyutlu ince komiiriin yikandigt
AOS-1’in besleme, yiizen iiriin ve batan
iriinlerinden alinan numunelere yiizdiirme
batirma testi uygulanmis, elde edilen
sonuglarla olusturulan kiimiilatif yiizen ve
kil egrileri Sekil 4-6’da verilmistir.
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Sekil 4. Agir ortam siklonu-1 beslemesi
kiimiilatif yilizen ve kiil egrileri
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Sekil 5. Agir ortam siklonu-1 yiizen {iriinii
kiimiilatif yilizen ve kiil egrileri
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Sekil 6. Agir ortam siklonu-1 batan iriini
kiimiilatif yilizen ve kiil egrileri
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Lavvarda AOS-1 ve AOS-2’nin batan
iriinleri birlestirildiginden her iki siklonun
batan {irlinii ortak alimustir.

AOS-1’den alinan iiriinlerin kiimiilatif
yiizen egrileri incelendiginde  ayirim
yogunlugunun yaklasik olarak 1,8 gr/cm3
oldugu goriilmektedir. Yiizen {irlinde 1,8
gr/cm’ten agir tanelerin, batan iiriinde ise
1,8 gr/cm™ten hafif tanelerin miktarlar
oldukga azalmaktadir.

AOS-1’in  kiil egrileri incelendiginde
temiz komiirde, ortam yogunlugu olan 1,7
gr/em’ten hafif ve 1,6 gr/cm’ten agr
tanelerin kiil degerlerinin %37 civarinda
oldugu goriilmektedir. Aymrim yogunlugu
olan 1,8 gr/cm’ten hafif ve 1,7 gr/cm’’ten
agir tanelerin kil degeri ise %45’tir. Bu iki
kiil degeri arasinda oldukca biiyiik bir fark
olmasma ragmen, temiz komiirde bulunan
1,7 gr/em™ten agir, 1,8 gr/cm’ten hafif
tanelerin toplam temiz kdmiir numunesinin
%2,71’ine tekabiil etmesi, ayirim
yogunlugunun 1,8 gr/em”e kaymasmm
temiz komiir kalitesine fazla olumsuz etkide
bulunmayacagi aciktir. Ayrica batan firiinde
%3,91 oraninda kiil degerleri %50-57
arasinda degisen komiir bulunmaktadir.

2.2.3 Agwr Ortam Siklonu-2 Yiizdiirme
Batirma Test Sonuglart

-10+0,5 mm boyutlu ince komiiriin yikandigi
diger agir ortam cihazi olan AOS-2’den
alman numunelere uygulanan yiizdiirme-
batirma testi sonuglariyla  olusturulan
kiimiilatif yiizen ve kiil egrileri Sekil 7-9’da
verilmisgtir.

AOS-2’den alinan numunelerin kiimiilatif
yiizen egrileri incelendiginde  ayirim
yogunlugunun 1,85 gr/cm’ civarinda oldugu
goriilmektedir. Yiizen iiriinde 1,85 gr/cm’’ten
agir tanelerin, batan {iriinde ise 1,85
gr/cm’’ten hafif tanelerin miktarlar1 oldukga
azalmaktadir. AOS-2’ye beslenen komiiriin
yaklagik  %67’lik  bir  bolimiinii 1,9
gr/cmS’den hafif taneler olusturmaktadir. Bu
ozelligiyle AOS-2’nin diger iki ayirma
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cihazindan daha yiiksek bir temiz komiir
verimine sahip oldugu sdylenebilir.
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Sekil 7. Agir ortam siklonu-2 beslemesi
kiimiilatif ylizen ve kiil egrileri

Kumil gtd Yozen %)
Kl 3]

L3 L4 5] 1.6 LT 13 L

Yoparbui |pricm’|

Sekil 8. Agir ortam siklonu-2 yiizen iriinii
kiimiilatif ylizen ve kiil egrileri
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Sekil 9. Agir ortam siklonu-2 batan iiriinil
kiimiilatif ylizen ve kiil egrileri
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AOS-2’nin  kiil egrileri incelendiginde
temiz komiirde ortam yogunlugu olan 1,7
gr/em®ten hafif ve 1,6 griem’ten agir
tanelerin  kiil degerinin %36 oldugu
goriilmektedir. Ayirma yogunlugu olan 1,85
gr/cm’’ten hafif ve ortam yogunlugu olan 1,7
gr/cm3’ten agir tanelerin kiil degerleri %42
ile %46 arasinda degismekte ve bu taneler
toplam temiz kOmiir numunesinin yaklagik
olarak %3,60’1na karsilik gelmektedir.

Kiil degerleri arasinda olduk¢a fazla fark
olmasi ve kagak kOmiiriin temiz komiir
icindeki miktarinin ¢oklugu nedeniyle kesme
noktast kaymasi, temiz komiir kalitesini
diger iki agir ortam cihazina gore daha fazla
olumsuz etkilemektedir. AOS-2’de ayirma
yogunlugu kaymasi 0,15 gr/cm’’diir ve bu
kesme noktasi kaymasi dolayisiyla temiz
komiire giren ortam yogunlugundan agir
tanelerin miktarca ylizdesi, diger iki agir
ortam cihazina gore yaklastk %1 daha
fazladir. Bu nedenle AOS-2’nin kesme
noktast kaymasindan 6tiirii elde edilen temiz
komiire en fazla olumsuz etki yaratan agir
ortam cihazidur.

2.3 Agir Ortam Cihazlarinin Performansi

Numune alman donemde TTK Amasra
Lavvari’'nda AOT ve AOS’lar etrafindaki
akiglarda toplam yiizen ve batan miktarlar ile
bu akiglardaki kiil degerlerinin madde
denkligi oturtulmustur. Buna gére ve alinan
numuneler {izerinde yapilan yiizdiirme-
batirma testlerinden elde edilen veriler
kullanilarak bu cihazlarin performans egrileri
¢izilmis ve performans kriterleri
belirlenmistir.

2.3.1 Agw Ortam Tamburu Performansi

AOT performansimi ortaya koyan ve Sekil
10’da verilen Tromp egrisinin bir miktar
yatik oldugu goriilmektedir. Agir ortam
tamburuna ait E, degeri 0,05 ve gergek
aymm  yogunlugu 1,81 gr/em’ olarak
belirlenmistir. Ortam yogunlugunun 1,7
gr/em’ oldugu bu agir ortam cihazinda 0,11

gr/em’lilk  bir kesme noktasi kaymasi
bulunmaktadir. Bu durum, 1,7 gr/cm3’ten
agir ve 1,81 gr/cm™ten hafif tanelerin de
yiizen iriin icerisinde yer almasi anlamina
gelmektedir. Bu 0,11 gr/em®lik dilimde
yiizerek temiz komiire dahil olan kagak
komiir toplam temiz komiir numunesinin
%?2,76’sm1 olusturmaktadir.
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Sekil 10. Agir ortam tamburu Tromp egrisi

Temiz komiire dahil olan bu kagak komiir,
E, degerini de bir miktar yiikseltmistir.
Laskowski’ye gore AOT olmast gereken
ideal E, sinirlar1 0,03-0,04 iken bu sinirlar
Leonard’a gore 0,02-0,028, Gupta ve Burt’a
gore 0,01 ile 0,02 ve Wills’e gore ise 0,02 ile
0,04’tiir. AOT’na ait E, degerinin, bu siirlari
biraz astig1 ve buna bagl olarak da yikama
performansinin ~ biraz  disik  oldugu
goriilmektedir (Burt 1984, Gupta ve Yan
2006, Wills ve Napier-Munn 2006, Leonard
1979, Laskowski 2001).

2.3.2 Agw Ortam Siklonu-1 Performansi

Sekil 11’de verilen AOS-1’e ait Tromp
egrisinden gercek ayirim yogunlugunun 1,82
gr/iem’  ve E, degerinin 0,045 oldugu
goriilmektedir. Bu 0,12 gr/em’liik kesme
noktast kaymasi nedeniyle yiizerek temiz
komiire karisan kacak komiir toplam temiz
komiir numunesinin %2,75’ini
olusturmaktadir.
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Sekil 11. Agir ortam siklonu-1 Tromp egrisi

Agir ortam siklonlari i¢in ideal E, sinirlan
Laskowski’ye gore 0,03-0,08, Leonard’a
gore 0,031-0,058, Burt’a gore 0,02-0,05,
Guptay’a gore 0,01-0,04 ve Wills’e gore ise
0,025 ile 0,07 arasindadir (Burt 1984, Gupta
ve Yan 2006, Wills ve Napier-Munn 20006,
Leonard 1979, Laskowski 2001).

Kesme noktasi kaymasina ve Tromp
egrisinin bir miktar yatik olmasina ragmen
agir  ortam  siklonu-1'in  E,  degeri,
arastirmacilarin - ¢ogunlugunun agir ortam
siklonlar1 igin 6ngordiigii ideal E, degeri
sinirlart igerisinde yer almaktadir. Buna gore
yikama performansi da yiiksek olmustur.

2.3.3 Agwr Ortam Siklonu-2 Performansi

Sekil 12’de verilen AOS-2’nin performans
egrisine bakildiginda, egrinin daha yatik,
gercek ayirim yogunlugunun 1,86 gr/cm’ ve
E, degerinin 0,06 oldugu goriilmektedir.
AOS-2’deki 0,16 gr/cm’lik kesme noktast
kaymasi nedeniyle yiizerek temiz komiire
karisan kacak komiir, toplam temiz kdmiiriin
%3,6’s11 olusturmaktadir.

AOS-2’nin 0,06 olan E, degeri, Laskowski
ve Wills’e gore ideal E, degeri smurlari
icerisindeyken, Leonard, Gupta ve Burt’a
gore ideal smurlarin {izerindedir. Biitiin bu
bilgiler 15181nda agir ortam siklonu-2’nin orta
dereceli bir performans ile yikama yaptig
sOylenebilir.
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Sekil 12. Agir ortam siklonu-2 Tromp egrisi

3 SONUCLAR VE ONERILER

e Her {i¢ agir ortam cihazinda da kesme
noktas1 kaymasi bulunmaktadir.

e Agir ortam tamburundaki kesme noktasi
kaymasinin performansa olumsuz etkisi
olmaktadir.

e Agir ortam siklonu-1’deki kesme noktasi
kaymasi, performansi olumsuz
etkilememektedir.

o Agir ortam siklonu-2’deki kesme noktast
kaymasi performansi olumsuz etkilemektedir
ve bu kesme noktasi kaymasinin temiz
komiir kalitesine olumsuz etkisi diger iki agir
ortam cihazindan daha fazla olmaktadir.

e Agir ortam tamburunun E, degeri,
arastirmacilar tarafindan ortaya konulan ideal
Ep degeri sinirlarinin {izerindedir. Fakat
performans egrisinin fazla yatik olmamasi,
orta  dereceli bir ayirma  yaptigim
gostermektedir.

e Agir ortam siklonu-1’in E, degeri, agir
ortam  siklonlar1 i¢in  arastirmacilarmn
belirledigi ideal Ep sinirlari igerisindedir.

e Agir ortam siklonu-2’nin E, degeri, bazi
arastirmacilara gore ideal siirlar
icerisindeyken, bazilarmin 6ngoérdigii ideal
E, smirlarinin iizerindedir. Bu durum agir
ortam siklonu-1’in orta dereceli bir ayirim
yaptigini gostermektedir.
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e TTK Amasra Lavvari’'nda en yiiksek
performansa sahip agir ortam cihazi agir
ortam siklonu-1"dir.

4 ONERILER

e Agir ortam cihazlarinda saptanan kesme
yogunlugu kaymalarinin  temiz =~ komiir
kalitesine olumsuz etkilerinin en aza
indirgenmesi amaciyla cihazlar i¢in ayirma
yogunlugunun, istenilen kiil degerine gore,
gercek ayirma  yogunlugundan  ortam
yogunlugu civarina ¢ekilmesi gerekmektedir.

e Agir ortam cihazlarim anlik takibinin
manuel olarak kontrol altinda tutulmasi
yerine  bilgisayarli  sistemlerle  kontrol
edilmesinde biiyiik fayda vardir. Bilgisayarlt
sistemle kontrol sayesinde kesme yogunlugu
kaymalar1 da aninda tespit edilerek gerekli
miidahalenin zamaninda yapilmasi miimkiin
olacaktir. Bu sekilde temiz komiire sist, siste
de temiz komiir kagaklari minimum diizeye
indirilerek cihazlarin performanslarindaki
olas1 diisiisler en kisa zamanda engellenmis
olacaktir.

e Komiir yikama tesisleri, 6zellikle siirece
miidahale ve dolayisiyla farkli kalitede iiriin
almaya yonelik olarak verdigi esneklik
sebebiyle agir ortam cihazlart donemsel
olarak degisik kosullarda ve dolayisiyla
farkli performanslarda ¢aligmaktadir. Bu
nedenle performans degerlendirmede tek bir
doneme ait olusturulmus veriler iizerinde
caligmaktansa, farkli donemlerde elde
edilmis veriler {izerinde cihazlarin donemsel
performanslarin1  ortaya koymak, komiir
yikama cihazlarmin performanslarim
degerlendirmede bir bagka 6nemli noktadir.
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Modifiye Su Siklonu ile Ince

Zenginlestirilmesi

Boyutlu Taskomiiriiniin

Fine Hardcoal Beneficiation by Using Modified Water-Only
Cyclone

H. Hacifazlioglu

Istanbul Universitesi, Maden Miihendisligi Boliimii, Avcilar, Istanbul

OZET Su siklonu, ayirma sivisi olarak mikron boyutlu sulu slami kullanan otojen ortam
esaslt bir gravite ayiricidir. Klasik hidrosiklona goére temel farki daha genis koniklik agisina
(>100°) ve daha uzun vorteks borusuna sahip olmasidir. Isletmelerde su siklonunun baslica
avantajlari; manyetit siispansiyonu gerektirmemesi ve yiliksek kapasiteli olmasidir. Bu
calismada, yerel imkanlarla tasarlanmis ve tesis 6l¢geginde kurulmug olan modifiye su siklonu
ile -1 mm boyutlu (~%50 kiillii) Zonguldak tagkomiiriiniin zenginlestirilmesi i¢in deneysel
caligsmalar yiriitilmiistiir. Ayrica, modifiye su siklonu {initesinin yikama performansinda
etkili olan ana parametrelerden; siklon ¢api, vorteks capt ve apeks capinin etkisi
arastirilmisgtir.

ABSTRACT The water-only cyclone is an autogenous medium separator that makes a
gravity separation using slurry as the separating fluid. The main difference between WOC and
hydrocyclone is that the former has a wide cone angle (>100°), and long wortex finder
whereas hydrocylones have a small cone angle and a short vortex finder. The certain
advantages of the WOC in plants are no magnetite suspension and high capacity. In this study,
modified WOC was designed, plant scale installed via local facilities, and then implemented
for the treatment of -1 mm (ash ~%50) fine hard coal. Besides, the effects of the major
parameters of modified WOC, such as cyclone diameter, vortex finder diameter and apex
diameter, on washing performance were investigated in detail.

1 GIRIS metalurji  sanayisinde kok  komiiriine

Zonguldak havzasinda yillik 5 Mt civarinda
tuvonan tagkomiirii iretilmekte ve bunun
yaklagik 3Mt’u komiir yikama tesisine
girmektedir.

Ortalama %50 oraninda sist (kiil) igeren
Zonguldak tuvonan komiirii yikama tesisi
sonrasinda %10 kiillii temiz komiirlere
doniistiiriilmekte ve genellikle bu komiir

dontistiiriilerek kullanilmaktadir.

Tuvonan kOmiir {iretim yoOntemine ve
komiiriin kirilganhigma bagh olarak, farkli
boyut gruplarinda olabilmektedir. Genellikle,
delme-patlatma ile yer alti ocaklarindan
¢ikarilan komiiriin ortalama tane boyutu 200-
400 mm civarinda ve belirli bir dagilima
gore sifira kadar degisen farkli boyut
gruplarinda olabilmektedir. Tuvonan komiir,
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yikama tesisine girmeden Once, 100 mm
acikliklt bir elekten elenmekte ve elek iistii
genellikle elle ayiklama (bant {istiinde triyaj)
yontemi ile zenginlestirilmektedir. Ara
iiriiniin fazla oldugu bazi uygulamalarda ise
elek istii kirtlarak tamami 100 mm agiklikl
elegin altina indirilmekte ve yikama tesisine
girmektedir. Tuvonan kdmiiriin tamami 100
mm’nin altina indirildikten sonra, alt ve iist
katlardaki elek agikliklari 1 ve 18 mm olan
cift kath titresimli On-yikama eleginden
gegirilir. Bu elekte -1 mm’lik ince kdmiir
ayrildiktan sonra, 1-18 mm boyut grubu agir
ortam siklonlarina beslenir. 18-100 mm
boyut grubu ise genellikle Wemco tipi agir
ortam tamburlariyla ya da Drewboy teknesi
ile zenginlestirilmektedir. Baz1  eski
tesislerde ise halen jiglerle 1-100 mm boyutu
tuvonan komiiriin yikamasi yapilmaktadir.
Zonguldak komiirlerinin kirillgan yapida
olmasi ve iretim yontemi nedeniyle asir
ufalanmas1 ince boyut grubunda tesis
kayiplarint  6nemli Olgiide arttirmaktadir.
Havzada  iretilen tuvonan  komiiriin
igletmelere gore %15 ile %30’u ince boyutlu
komiir diye tabir edebilecegimiz -1 mm
boyutlu komiirlerden olusmaktadir. Bu
durum, ozellikle ince boyutlu komiirlerin
zenginlestirilmesini  zorunlu  kilmaktadir.
2005 yili oncesinde ince boyutlu tuvénan
komiirler  zenginlestirilmeden  Catalagz
Termik Santraline gonderilirdi. Ancak,
giinimiizde  rédevansli  sahalarin  ve
dolayistyla iretilen tuvonan komiirlerin
miktarinin artmasi ile birlikte olusan ince
boyutlu komiirlerin miktart da artmis ve
mevcut termik santrallerin yakma
kapasitesinin ¢ok cok iizerine ¢ikilmistir. Bu
yiizden termik santrallerde yakilamayan arz
fazlasi komiiriin  zenginlestirilme ihtiyaci
dogmustur. Son 7 yilda Zonguldak
havzasinda iiretilen ince boyutlu kdmiirler
zenginlestirilmekte ve ortalama 1s1l degerleri
6500 kcal/kg’in tlizerine ¢ikartilarak demir-
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celik sektorlinde yliksek firin yakiti olarak
degerlendirilmektedir.

Zonguldak havzasindaki ince boyutlu
komiirlerin  hemen hemen hepsi komiir
spiralleri ile zenginlestirilmektedir. Bazi
tesislerde ise, flotasyon ve sallantili masa
uygulamalari halen mevcuttur. Yaygin olarak
kullanilan ~ spiral ayiricilarda  genellikle
verimsiz ¢alisma kosullart uygulanmakta
(yiiksek besleme miktar1 vs gibi) ve bu
cihazlardan istenen kiil ve verim degerleri
elde edilememektedir. Spirallerde yasanan
bir diger 6nemli problem ise cihazdan ¢ikan
atigin nihai atik niteliginde olmamasidir. Bu
bakimdan komiir hazirlama sektoriinde;
kullanim kolay, kapasitesi ve verimi yiiksek
ince kOmiir zenginlestirme cihazlarina olan
talep giinden giine artmaktadir. Her ne kadar
yurtdisinda MGS, Falkon, Knelson, Kelsey
Jig, TBS ve Reflux gibi ileri teknoloji
cihazlar ile ince boyutlu  komiirler
zenginlestirilse bile, iilkemizde heniiz bu
cihazlara sicak bakilmamaktadir. Bunun
muhtemel nedeni; ilk yatirim maliyetinin
yiiksek olmasi, yan sanayisinin bulunmamasi
ve cihazin igletiminin karmasik ve zor
olmasidir. Bu baglamda, su siklonu gibi basit
yapili gravite cihazlarmin  verimlerinin
arttirilarak kullanilmasi isletmecilere 6nemli
avantajlar saglayacaktir. Endiistriyel 6l¢ekte
kullanimi ¢ok yaygin olmayan su siklonlar
ile ilgili literatirde ¢esitli g¢aligmalar
bulunmaktadir. Bu ¢aligmalardan  6ne
¢ikanlardan bazilari agsagida 6zetlenmistir:

Patil ve arkadaslar1 (1997) kaba kursun
konsantresinden grafiti uzaklastirmak i¢in 76
mm’lik su siklonu kullanmislar ve %3’den
daha az grafit igeren bir kursun konsantresi
elde etmiglerdir. Aymi g¢alismada, ozellikle
vorteks capinin grafiti uzaklastirmada énemli
etkiye sahip oldugunu belirtmislerdir.
Rubiera ve arkadaglar1 (1997) ¢apt 50 mm,
uzunlugu 67 mm olan bir su siklonu ile -0.2
mm komiirden kiil ve kiikiirt giderme
calismalar1 yapmuslardir. Su siklonu ile kiil
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ve kiikiirt degerinde yaklasik %20’lik bir
diisiisiin ~ saglanabilecegi  ve kopiik
flotasyonun piriti gidermede verimsiz oldugu
ve bu nedenle flotasyon Oncesinde su
siklonun kullanilmasiin avantajli olacagini
belirtmiglerdir. Kim ve Klima (1998) ise su
siklonunda siklon geometrisi ve isletim
parametrelerinin performans iizerinde dnemli
etkilere sahip oldugunu belirtmislerdir. Xia
ve Li (2007) agir ortam esasli kdmiir yikama
tesisinde manyetit kayiplarini azaltmak ve
flotasyona  beslenen  komiir — miktarim
azaltmak igin su siklonu kullanmislardir. Bu
tesiste, -1 mm boyutlu Hindistan komiirii su
siklonu kullamlarak zenginlestirilmis ve
flotasyona beslenen kisim -0.15 mm ile
sinirli kalmustir. Su siklonundan elde edilen
atik igerisindeki yanabilir maddelerin geri
kazanilmast  i¢in  sisteme bir  spiral
konsantrator ilave edilmistir. Su
siklonundaki ayirma boyutunun 0.5 mm’den
Imm’ye ¢ikarilmasi manyetit kayiplarimi da
azaltmistir. Kalyani et al. (2008) kesikli tip
su siklonu ile yiiksek kiil icerikli ve okside
olmus Hindistan komiirlerini
zenginlestirmislerdir. Siklon performansinda
etkili olan parametrelerden siklon uzunlugu
ve kat1 konsantrasyonun etkisini
arastirmiglardir. En yiiksek temiz komiir
verimini 200 mm uzunlugundaki bir siklon
ile %10 kati oraninda elde edilmistir. Bu
siklonun ¢apt 100mm, vorteks uzunlugu ise
200 mm secilmistir. Ayni calismada,
calisma basmci1 98kPa, vorteks ve apeks
caplart sirastyla 50 ve 24 mm olarak
belirlenmistir. Literatiirdeki son calismada,
Majumder ve Barnwal (2011) su siklonunda
baz1 6nemli tasarim parametrelerinin etkisini
aragtirmak  i¢in  regresyon  modelleri
gelistirmislerdir. Komiirii iyilestirmek i¢in en
hassas tasarim parametresinin vorteks c¢api
oldugunu belirtmislerdir. Ayrica, boyut
gruplarina gore yapilan ¢aligmalar sonucunda
su siklonu ile -0.075 mm komiirden kiil

gideriminin olduk¢a zor oldugunu rapor
etmislerdir.

Bu ¢alismada su siklonu modifiye edilmis
ve -lmm boyutlu Zonguldak taskdmiiriiniin
zenginlestirilmesi igin test edilmistir.

2 DENEYSEL CALISMALAR

2.1 Kémiir Numunesine Ait Ozellikler
Deneysel ¢aligmalar, Zonguldak ilinde
faaliyet gosteren Ozel bir sirkete ait agir
ortam esasli komiir yikama tesisinde
yiiriitiilmiistiir. Bu bakimdan c¢aligmalarda
kullanilan numuneler tesis beslemesi ve
dolayisiyla ince zenginlestirme devresine ait
olan -1mm boyutlu tuvénan komiirlerdir. S6z
konusu tesiste, 3 iirlinli Larcodems cihazina
giren iri (+1-100 mm) tuvonan komiiriin kiil
icerigi %45 ile %56 arasinda degismekte ve
bu cihazdan %10 ile %12 kiilli temiz
komiirler iretilmektedir. -1 mm boyutlu
komiirler ise eleklerle susuzlandirilarak
termik santral yakiti olarak
degerlendirilmektedir.

TTK 13 No’lu rddevansh iiretim
bolgesinden 25 tonluk kamyonlarla yikama
tesisine getirilen farkli kiil degerlerindeki her
tuvonan komiirden
diizenli olarak 20’ser kg’lik numuneler
alinmis ve bu numuneler 1 ayin sonunda
harmanlanarak ortalama bir tuvénan kdmiir
numunesi tespit edilmistir.  S6z konusu
ortalama tuvonan komiiriin elek analizi ve
boyut gruplarina gore kiil icerikleri Cizelge
1’de verilmistir.

Tuvénan komiiriin  su  siklonu ile
zenginlestirilecek olan kismi -1.0+0.2 mm
boyut fraksiyonun yikanabilirlik sonuglarinin
tespiti i¢in konvansiyonel ylizdiirme-batirma
testleri yapilmig ve elde edilen sonuglar
Cizelge 2’de oOzetlenmistir. Bu sonuglardan
da gorilebilecegi gibi, tuvonan komiir
tanelerinin gravite ayrimi yapilabilecek kadar
serbest tanelerden olustugu ve modifiye su
siklonuna beslenen komiiriin ortalama kiil
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iceriginin yaklasik %50 oldugu agikca

goriilmektedir.

Cizelge 1. Tuvonan komiiriin elek analizi ve boyut grubuna gore kiil dagilimlari

Boyut Grubu Miktar Kiil

(mm) (%) (%)

-100+50 16.20 52.40
-50+18 17.10 50.20
-18+10 12.30 49.90
-10+5.0 15.20 51.20
-5.0+1.0 19.20 48.80
-1.0 20.00 50.10
Total 100.00 50.38

Cizelge 2. -1.0+0.2 mm tuvonan komiiriin ylizdiirme-batirma test sonuglari.

Yogunluk Yiizen Toplaml Yiizen Toplamli Batan
(g/em’) Miktar  Kiil Miktar Kiil Miktar Kiil
(%) (%) (%) (%) (%) (%)
-1.45 36.00 8.10 36.00 8.10 100.00 50.06
+1.45-1.60  7.50 26.00 43.50 11.19 64.00 73.66
+1.60 -1.75 6.00 35.90 49.50 14.18 56.50 79.99
+1.75-190 520 53.20 54.70 17.89 50.50 85.22
+1.90 45.30 88.90 100.00 50.06 45.30 88.90
Total 100.00  50.06 - - - -

2.2 Modifiye Su Siklonun Tanitilmasi

Modifiye su siklonu, klasik  su
siklonlarindan farkli olarak yatay konumda
calistinlmakta ve ortamdaki sulu slam
“ayirma ortami” olarak kullanmaktadir. Bu

sayede manyetit siispansiyonuna ihtiyag
duyulmadan komiir-gist ayrimi
yapilabilmektedir. Ayirmada etkili olan en

onemli parametre siklon tasarimi (¢ap, boy
v.s) ve i¢ basig dengeli merkezi kolektorlii
besleme sistemidir. Yapilan On-galismalar
sonucunda, su siklonunu dik ve tekli
calistirmanin verimli olmadig gorilmiis ve
bu ylizden siklon modifiye edilerek merkezi
beslemeli, yatay ve ¢ift siklonlu olarak
tasarlanmistir (Sekil 1). Modifiye siklonda
ayirma, klasik hidrosiklonlardan farkli olarak
¢ok diisiik calisma basinglarda (<0.5 bar)
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gerceklestirilmektedir. Bu durum o6zellikle

tesislerde asinmalarin engellenmesi
acisindan  Onemli avantaj sunmaktadir.
Modifiye su siklonunda ayirma islemi;

santrifuj, hidrodinamik, yercekimi ve taneler
arasindaki siirtliinme kuvvetlerinin toptan
etkisi ile gerceklestirilir.  Sekil 1’de
gosterilen 25 t/s kapasiteli Modifiye su
siklonuna besleme 200 mm giris ve 150 mm
¢ikis borularina sahip bir santrifuj pompa ile
saglanmaktadir. 37 kw’lik bir motorla tahrik
edilen santrifuj pompa mili, %25-30 kati
iceren piilp malzemesini 4 m yiikseklikte
bulunan cihaz igerisine beslemektedir.
Cihazdan elde edilen 2 iiriin (artik ve temiz
komiir), 0.2 mm goz acikligina sahip iki ayri
corima yiizeyli yiiksek frekansh titresimli
elek ile susuzlandiriimakta ve elek iistiinden
arttk ve temiz kOmiir alinmaktadir. Elek
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altma gegen -0.2 mm piilp tekrar santrifuj
pompaya girmekte ve devridaim
yapmaktadir. 10’uncu devridaimden sonra
sistemde slam orami artmakta ve ayirma
ortamin vizkozitesi yiikselmektedir.
Vizkoziteyi ve dolayisiyla otojen ortam
yogunlugunu sabit tutmak amaciyla belirli
araliklarla slam 250 mm ¢apindaki bir
hidrosiklona beslenmekte ve hidrosiklonun

TEMIZ KOMUR

" ARTIK

ist akimindan elde edilen ¢ok ince boyutlu
slam ¢oktiirme tankina gonderilmektedir. Alt
akim ise modifiye siklonun pompa tankina
(elek alt1 besleme tanklarina)
gonderilmektedir. Bu yolla otojen ortamin
yogunlugu sabit tutulmaktadir. CTA ve
yardimet Ginitelerinin tesisteki yerlesimi Sekil
2’de gosterilmistir.

TEMIZ KEMUR

|
BESLEME

ARTIK

Sekil 1. Modifiye su siklonun merkezi kollektorlii goriintiisii

Susuziandirma
Elegl
0. 2mm
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l Pres Fllre
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TEMIZ KOMUR

Pompa

Sekil 2. Modifiye su siklonu ile zenginlestirme devresi genel akim semasi
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3 DENEY SONUCLARININ
DEGERLENDIRILMESI

Literatlir verilerinden goriilebilecegi gibi
modifiye siklonun ayirma performansin
etkileyen pek ¢ok parametre bulunmaktadir
(Kim ve Klima, 1998; Majumder ve Barnwal
2011). Bu calismada bu parametrelerden en
onemlileri olan siklon ¢api, vorteks ve apeks
caplarinin  siklon performansma etkileri
incelenmistir. Optimum siklon ¢apinin
belirlenebilmesi i¢in 400, 600 ve 800 mm
caplarinda siklonlar kullanilmis ve bu
siklonlardan elde edilen yikama verimleri
Cizelge 3’de  verilmistir. Deneysel
calismalarda ortalama kati konsantrasyonu
%25, sabit pompa besleme debisi 2.5 m®/dk
secilmistir. Kullanilan 400, 600 ve 800 mm
capli siklonlarda oSlgiilen i¢ basing degerleri
sirastyla 20, 10 ve 2 kPa bulunmustur.
Basing diigiisiinin nedeni siklon ¢apinin
artmasiyla, siklon i¢ hacminin artmasi ve
bunun sonucunda i¢ basmcin azalmig
olmasidir. Cizelge 3’den goriilebilecegi gibi,
tuvonan besleme kiili %45 ile %56 arasinda
degismektedir.  Genel olarak, gesitli
caplardaki siklonlarda besleme kiilii arttik¢a
elde edilen temiz komiirlerin kiil igerigi de
artmigtir. Diger taraftan, siklon ¢apinin
biiyiitiilmesi ile elde edilen temiz komiirlerin
kiil igerikleri de artmistir. Siklon ¢aplarinin
400, 600 ve 800mm olmasi durumunda
modifiye su siklonundan elde edilen temiz
komiirlerin ortalama kiil igerikleri sirasiyla
%11.70, %18.00 ve %?24.80 bulunmustur.
Bunun nedeni, siklon ¢apinin biiyiitiilmesi ile
basincin diismesi ve bunun sonucunda
tanelere uygulanan merkezka¢ kuvvetinin
biiyiikliigiiniin  azalmis olmasidir. Diger
yandan; V=Q/A esitlige gore; V (hiz) degeri;
su siklonun i¢ alan1 (A) ile ters orantili,
voliimetrik akig oram1 (Q) ile dogru
orantilidir. Q degeri pompa beslemesi ile
sabit oldugu i¢in, siklon ¢apinin arttirilmasi
ile V degeri azalmaktadir. V degerinin
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azalmasi, tanelere uygulanan merkezkag
kuvvetinin biyiikliigliniin azalmasi anlamina
gelmektedir. Bu durum  seperasyonun
etkinliginin azalmasi anlamina gelir. Siklon
capma bagh yanabilir verim degerlerine
bakilirsa, 400 mm’lik su siklonu i¢in %47.61
iken, 800 mm’lik su siklonu igin %43.43’¢
diismiistiir.

Su siklonlarinda vorteks ve apeks capinin
ayirma verimini etkileyen en oénemli dizayn
parametreleri oldugu pek ¢ok arastirmaci
tarafindan vurgulanmistir (Patil vd. 1997;
Kim ve Klima, 1998; Majumder ve Barnwal
2011). Genel olarak vorteks cap1 biiyiidiikce,
siklon iist akimina gidecek malzeme miktari
artmakta ve bunun sonucunda temiz
komiiriin kalitesi diismekte, temiz kdmiiriin
miktar1 ise artmaktadir. Vorteks c¢apinin
kiiciiltiilmesi ile daha diisiik temiz komiir
miktarlart  ile daha temiz iriinlerin
almabilecegi belirtilmektedir. Diger taraftan;
siklonun apeks capinin biiyiitiilmesi vorteks
¢apinin kiigiiltiilmesinde gergeklesen
durumla benzerlik gostermektedir. Yani,
apeksin biiyiitiilmesi ile siklon iist akimina
giden malzeme miktar1 azalmakta ve
dolayisiyla  temiz ~ komir  kazanimi
dismektedir. Fakat, daha diistik kiil igerikli
temiz komiirler elde edilmektedir (Patil vd.
1997; Xia ve Li, 2007).

Sabit bir besleme debisinde (2.5m’/dk.),
400 mm capli su siklonun vorteks ¢apinin
100, 200 ve 300 mm olacak sekilde
degistirilmesi ile elde edilen sonuglar
Cizelge 4’de verilmistir. Buna gore, vorteks
capmin arttirilmast ile elde edilen temiz
komiiriin kil igerigi de artmustir. Vorteks
capmin 100, 200 ve 300mm olmasi
durumunda modifiye su siklonundan
sirastyla ortalama %9.90, %11.70 ve %15.50
kiilli temiz komiirler elde edilmistir. En
yiiksek Kkiillii drtinler 100 mm ¢apindaki
vorteks ile elde edilmisken, en diisiik temiz
komiir miktar1 da 100 mm g¢apindaki vorteks
ile elde edilmistir. 100, 200 ve 300 mm
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vorteks  c¢aplarinda, sirasiyla  ortalama
%24.40, %26.80 ve %28.10 temiz kOmiir
miktarlar1 saglanmigtir. Bulunan sonuglar
literatiir verileri ile benzerlik gostermekte
olup, VFD’nin ozellikle temiz komiiriin
kalitesini belirleyen bir parametre oldugu
acikca goriilmektedir.

Sonug olarak, Modifiye su siklonu igin
satilabilir metalurjik kalitede temiz komiir
iireten ve en yiiksek yanabilir verim degerini
saglayan 200mm’lik vorteks cap1 sistem igin
en uygun vorteks cap1 olarak belirlenmistir.

Cizelge 3. Modifiye siklonda siklon ¢apinin ayirma verimine etkisi

Siklon Capt  Besleme Kiili Temiz Komiir Temiz Komiir Yanabilir
(mm) (%) Kiili (%) Miktar1 (%) Verim (%)
54.00 13.00 25.50 48.23
53.50 12.50 27.00 50.81
400 49.00 12.00 26.50 45.73
48.50 11.50 26.00 44.68
46.00 9.50 29.00 48.60
Ortalama 50.20 11.70 26.80 47.61
55.00 20.10 25.00 44.44
600 52.00 19.00 26.00 43.88
51.00 18.00 26.00 43.51
48.00 17.20 29.00 46.29
45.00 16.00 30.00 45.82
Ortalama 50.20 18.00 27.20 44.79
55.00 29.00 27.00 42.60
52.00 25.90 26.00 40.08
800 50.50 25.00 29.00 43.94
48.00 22.10 30.50 45.75
46.00 22.00 31.00 44.78
Ortalama 50.30 24.80 28.70 43.43

Cizelge 3. Modifiye siklonda vorteks ¢apinin ayirma verimine etkisi

Vorteks Besleme Kiilii Temiz Komiir Temiz Komiir Yanabilir
Cap1 (mm) (%) Kiilii (%) Miktar1 (%) Verim (%)
54.00 11.50 23.00 4425
52.00 10.50 23.00 42.89
100 51.00 10.00 25.00 45.92
49.00 9.50 25.00 4436
46.00 8.00 26.00 44.30
Ortalama 50.40 9.90 24.40 44.34
54.00 13.00 25.50 48.23
53.50 12.50 27.00 50.81
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200 49.00 12.00 26.50 45.73
48.50 11.50 26.00 44.68

46.00 9.50 29.00 48.60

Ortalama 50.20 11.70 26.80 47.61
55.00 17.00 27.00 49.80

52.00 16.00 27.00 47.25

300 50.00 15.50 27.50 46.48
48.00 15.00 29.00 47.40

45.00 14.00 30.00 4691

Ortalama 50.00 15.50 28.10 47.57

Apeks capmin, modifiye siklon performans
verimine etkisini aragtirmak amaciyla 80,
100 ve 120 mm ¢aplarinda apeksler
kullanilmigtir. Apeksin etkisin aragtirildigi
deneylerde bir Onceki deneyde optimum
olarak belirlenen 200 mm ¢apindaki vorteks
kullanilmigtir. Sabit bir besleme debisinde,
apek capi biiyilidiikge siklon i¢ basinct 20
kPa’dan (0.2 bar) 5 kPa’a (0.05bar) kadar
dismiistiir. Apeks capinin biiyiitiilmesi ile
tiim taneler apekse yonelmis ve siklon fist

akimina giden tane miktar1 azalmstir.
Cizelge 4’den ortalama temiz koOmiir
miktarlar1 80,

100 ve 120 mm c¢apmdaki apekslerin

kullanilmas1 durumunda sirasiyla %30.40,
%26.80 ve %21.40 bulunmustur. 120 mm
capindaki apex ile en disiik kiil igerikli
(%8.60) temiz komiir elde edilmistir. Ancak
bu iiriiniin eldesinde, yanabilir verim degeri
en disiik degerde olup %39.17 olarak
hesaplanmigtir. Buna gore 120 mm ¢apindaki
apeksin kullanilmast durumunda, atiktaki

yanabilir madde kayb1 yaklasitk %61
olmaktadir.  Artiktaki  yanabilir  kaybi
azaltmak icin apex c¢ap1 kiiciltiilerek,

beslenen piilpiin su siklonundan kolayca
¢ikmasi 6nlenmeli ve siklonun konik kisimda
taneciklerden olusan “yogun bir yatak
(otojen agwr ortam)” yaratilmalidir. Aksi
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takdirde su siklonu, bir “gravite ayiricisi”
olarak degil bir “siniflandirict” olarak gorev
yapacaktir. Apeks capinin 120 mm’den 80
mm’ye disiiriilmesi ile siklonun konik
kisminda yogun bir yatak elde edilmekte ve
boylece ortalama yanabilir verim
%39.17°den  %50.88’¢  ylikselmektedir.
Modifiye su siklonu i¢in en uygun apeks
capt, temiz komiir kiil icerigi de dikkate
aliarak 100 mm olarak belirlenmistir.

Modifiye su siklonundan elde edilen
sonuclar, yilizdiirme-batirma egrisi ile Sekil
3’de verilen tabloda karsilastirilmigtir. Bu
tabloya gore, modifiye su siklonu ile
metalurjik  kalitede temiz  komiirlerin
iiretilebilecegi acikca goriilmektedir. Elde
edilen temiz komiirlerin kiil icerikleri %8 ile
%14 araliginda degismektedir. Ancak
yanabilir verim degerleri bakimindan su
siklonun performansinin  diisiik  oldugu
asikardir. Yanabilir verim degerleri %40 ile
%50 arasinda degismektedir. Bu durum,
modifiye siklonda artik i¢erisine komiir ya da
ara iriin kagaklarinin  oldugunun bir
gostergesidir. Kagaklarin onlenmesi
bakimindan cihazdan elde edilen artiga ilave
bir siliplirme kademesinin uygulanmast
elzemdir.
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Cizelge 4. Modifiye siklonda apeks ¢apinin ayirma verimine etkisi

Apeks Cap1  Besleme Kiilii Temiz Komiir Temiz Komiir Yanabilir

(mm) (%) Kiili (%) Miktar1 (%) Verim (%)
54.00 20.00 29.00 50.43
80 53.50 18.10 30.00 52.34
51.00 16.00 30.00 51.43
48.00 17.00 31.00 49.48
47.00 15.90 32.00 50.72
Ortalama 50.60 17.40 30.40 50.88
54.00 13.00 25.50 48.23
100 53.50 12.50 27.00 50.81
49.00 12.00 26.50 45.73
48.50 11.50 26.00 44.68
46.00 9.50 29.00 48.60
Ortalama 50.20 11.70 26.80 47.61
54.00 11.00 20.00 38.70
52.00 9.00 22.00 41.71
120 50.00 8.10 21.00 38.64
48.00 8.00 22.00 38.92
46.00 7.00 22.00 37.89
Ortalama 50.00 8.60 21.40 39.17
100 === ===qmmmmm e
| S e R SRR RS SIS uts SRR
80 F--mmm e {_._f _________________
g "
£ 70 f------- P i B s Ry
E | S e T e
% >0 ¢ °o® *e ® Modifiye Su
8 40 [ Siklonu
o =@=Yuzdlirme
e Batirma
20
6 8 10 12 14 16 18 20

Temiz Kémiir Kiilii (%)

Sekil 3. Su siklonu sonuglarinin yiizdiirme-batirma egrisi ile karsilastirilmasi
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4 SONUCLAR
Bu c¢alisma ile modifiye su siklonu
ayiricisinin bazi onemli tasarim

parametrelerinin etkileri arastirilmig ve daha
sonra -1 mm ince Zonguldak taskdmiiriiniin
zenginlestirilmesi igin ayirma performansi
test edilmistir. Buna gore; siklon c¢apinin
biiyiitiilmesi ile elde edilen temiz komiiriin
kiil icerigi artmis, temiz komiir verimi ise
cok fazla degismemistir. Verimi test edilen
400, 600 ve 800 mm ¢apindaki siklonlardan
sirastyla ortalama %11.70, 18.00 ve 24.80
kiil igeren temiz komiirler elde edilmistir.
Diger taraftan siklondaki vorteks capinin
arttirilmasi ile temiz komiir miktar1 artmus,
ancak Urliniin kalitesi diigmiistiir. Apeks
capmin biiyiitilmesi durumunda ise temiz
komiir miktar1 azalmus, {irtin kalitesi
artmustir. -1 mm koémiiriin
zenginlestirilmesinde ~ optimum  tasarim
parametrelerinin, 400 mm ¢apli siklonda,
200 mm c¢apli vorteks ve 100mm capindaki
apeks oldugu gorilmistir. Optimum
kosullarda %50.20 kiilli tuvonan kémiirden
%11.70 kiillii temiz komiirlerin %47.61°lik
bir yanabilir verim degeri ile elde
edilebilecegi goriilmiistiir.

Sonug¢ olarak modifiye su siklonu ile
manyetit siispansiyonu kullanmadan ince
boyutlu Zonguldak tuvénan komiirlerinden
metaliirjik  kalitede diigik kiilli temiz
komiirlerin  tretilebilecegi  goriilmiistiir.
Ancak yanabilir verim degeri nihai
yikanabilirligi ~ veren  ylizdiirme-batirma
sonuglarina gore ortalama %30 daha diisiik
olmaktadir.
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Sondaj Noktalarinin Yapay Sinir Aglar1 ile Belirlenmesi
Determination of Drilling Points with Artificial Neural Networks

A. H. Ozdeniz
Selcuk Universitesi, Miih. Fak., Maden Miihendisligi Boliimii

B. Karlik
Sel¢uk Universitesi Miih. Fak., Bilgisayar Miihendisligi Béliimii

C. Sensogut
Dumlupinar Universitesi, Maden Miihendisligi Boliimii

OZET Maden aramalarinda sondaj cahismalari olduk¢a sik uygulanan bir yontemdir. Bu
yontemle maden aranmasi, rezerv, tendr ve kalite gibi dzelliklerinin belirlenmesi ciddi bir
caligma gerektirir. Ayrica, sondaj ¢aligmalari ekonomik agidan igletmelere 6nemli bir maliyettir.
Madenin ekonomiye kazandirilmasi zorlu, fakat bir o kadar da gerekli bir siirectir. Arama
sondajlarindan elde edilen veriler sayesinde sahada maden sondaji ¢alismalarina yon verilmekte
ve belirlenen noktalarda sondajlara devam edilmektedir. Bu c¢alismada Ermenek/Konya
bdlgesinde bulunan bir kdmiir madeni isletmesine ait 28 adet sondaj verisinden yararlanilmigtir.
Yeni sondaj yeri noktalarinin yerini belirlemek ic¢in yapay sinir aglari (YSA) yazilim
gerceklestirilmistir. Bunun i¢in araziden elde edilen sondaj degerleri danigmanli 6grenmeye
sahip bir YSA algoritmas: (Geriye yayilim) ile egitilmistir. Algoritmanin test asamasinda
bulunan YSA sonuglar ile yeni sondajin yeri olarak kullanilacak deneysel g¢aligmalarin
karsilagtirilmasi yapilmistir. Bulunan sonuglar, muhtemel yeni yapilacak sondaj noktalarinin en
uygun yer tespitinin yapilmasida YSA kullanimm hem zaman hem de maliyet agisindan biiyilik
kazang saglayacagim gostermistir.

ABSTRACT Dirilling operations are widely used method in mine exploration. Mine
exploration using this method is required a significant work to determine the mine
characteristics such as reserves, grade and quality. In addition, drilling operations is an
important outcome for mine companies. Evaluation of mines is so difficult however it is so
necessary. Data obtained from exploration drilling is used to determine the new drilling points
to direct the drilling work. In this study, drilling data was used obtained from 28 drilling well in
a coal mine located at Ermenek region of Konya, Turkey. Artificial neural networks (ANN)
software has developed to determine new drilling location points at this coal mine. A
supervised neural network learning algorithm (Back-propagation) was used to train and test for
a drilling data obtained from coal mine. Moreover, experimental and test results of ANN were
compared. The results showed that determination of a new drilling points using ANN are
provided great benefit in terms of both time and cost.

1 GIRIS

biitiiniinii kapsayan bir is koludur. Diinyada
ve Tirkiye’de  madencilik  faaliyetleri
giiniimiizde ¢evreyi koruma altina alacak
sekilde diizenlenmis kanun ve yonetmelikler
dogrultusunda aliman izinler ¢ergevesinde

Madencilik, yerkabugunda bulunan
madenlerin  bulunduklar1  yerden kazilip
cikarilma, islenme ve {retim sonrasi
madencilik yapilan alanlarin ¢evreye yeniden
kazandirilma faaliyetlerinin

751



A.H. Ozdeniz, B. Karlik, C. Senségiit

yapilmakta ve mevcut en iyi teknolojiler
kullanilmaktadir(Kilig ve Kilig, 2008).

Giinlimiizde modern madencilik islerinin
planlanmas1  toplam  rezerv  miktarmin
bilinmesinden daha fazlasini gerektirmektedir.
Ozellikle kémiir madenciliginde ¢ikarilacak
komiiriin kullanilmasini smirlayan
etmenlerden olan kiil, nem, kalori, kiikiirt gibi
kimyasal  oOzelliklerinin ~ de onceden
incelenmesi gerekmektedir. Metal
madenciliginde ise bu smnirlamalar, cevher
tendriiniin sahadaki dagiliminin daha 6nceden
bilinmesi ve boylece yatagin ekonomik
analizinde ortaya ¢ikmaktadir (Nasuf, 1982).
Biitin bu islemler i¢in sahada yapilan
sondajlar ¢ok 6nem kazanmaktadir. Yapilan
sondaj caligmalar1 olduk¢a yiiksek maliyetler
tutmaktadir. Bu nedenle sondaj yerini tespit
ederken olduk¢a iyi diisiiniiliip incelenerek
arastirilmasi1 gerekmektedir. Gereksiz yapilan
sondaj faaliyetleri isletmelere biiyilik yiikler
getirmektedir. Her sondaj yeri haritalara
islenerek, damarin egimi yonii degerler goz
iinlinde tutularak, bir sonraki yer tespit
edilmektedir. Bu incelemeler ile ilgili veriler
cevher yatagmin aranmasi sirasinda yapilan
sondajlardan elde edilir. Bu verilerin ileride
yapilacak planlamalar igin uygun sayisal
miihendislik parametreleri halinde
degerlendirilmesi olduk¢a zaman harcayan bir
islem olup bunlarin matematiksel yontemler
ve bilgisayar yardimm ile ¢oziimlenmesi
kacinilmazdir.

Cevher iretiminin planlanmasi ve jeolojik
modelleme caligmalari icin bilgisayar destegi
uzun zamandir kullanilmasina karsilik, son
yillardaki bilgisayar teknolojisi ve yazilim
alanlarindaki gelismelere bagli olarak biiylik
ilerlemeler  saglanmuis ve ¢ok  yonli
madencilik paket programlari (Micromine,
Surpac, Datamine, Mintec, Vulcan, vb.)
gelistirilmistir (Ergin ve ark., 1998).

2 CALISMA YAPILAN SAHANIN
TANITILMASI

Bati Toroslarda bulunan Ermenek linyit
havzasi yaklasitk 620 km2 lik bir alan
kapsamaktadir(Sekil 1). Ermenek havzasinda
farkli yorelerde, birbirinden bagimsiz ve
ekonomik olarak isletilen ocaklar dort
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bolgeye ayrilir (Sensdgiit ve Cinar 1998). Bu
bolgeler, Ermenek havzasinin orta kesiminde
yer alan Asar dagi baz alinmak iizere Asar
daginin dogusundaki Canak¢i c¢ukuru ve
Kesirlik  bolgesi ile  Asar  dagmmn
kuzeybatisinda yer alan Pamuklu-Tebebasi
yoresi ile Asar dagmm batisindaki Boyalik
mevkiidir(Arslansan, 1996). Bolgede irili
ufakli birgok firma, yeralt: iiretim yontemiyle
komiir tiretimi yapmaktadir.

TUREEY
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Sekil 1. Sondajlarin yapildig: yer

3 YSA VE HATANIN GERIYE
YAYILMASI ALGORITMASI

Yapay sinir aglart (YSA) canlilarda
bulunan biyolojik sinir sisteminin ¢aligmasini
elektronik ortama tasimayr hedefleyen bir
programlama  yaklasmmdir.  YSA’® da
canlilarda oldugu gibi 6grenme, hatirlama ve
ogrendiklerini giincelleme gibi yeteneklerinin
olmasi hedeflenmektedir. Sinir sisteminin
davranislarin1 kopyalayabilmek i¢in yapisinin
da kopyalanmasi gerektigini diigiinen bilim
adamlar1 YSA modellerken de sinir sisteminin
yapisint ornek almuglardir. Sekil 2°de gergek
sinir a1 ile yapay sinir ag modeli (perceptron)
goriilmektedir (Rosenblatt, 1962).

Yapay  sinir  hiicrelerinin  birbirine
baglanmasiyla olusan bir YSA &grenme
algoritmalarindan herhangi birini kullanarak
Ogrenme siirecini tamamladiginda kullanima
hazir hale gelir. YSA ¢alistig1 siirece 6grenme
ve bilgilerini gilincelleme yetenegine de
sahiptir. YSA’nin temel &zellikleri asagida
Ozetlenmektedir:

e Problemlerin  nasil  ¢dziimlenecegini
Ogrenen bilgisayarlardir
e Problem ¢6zme Ornek verilere ve

6grenme bigimine dayandirilir
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e Uzman bilgisine gereksinim gostermezler

e Degisik oOrnekleri ayirt etmede Onemli
ozellikleri ve baglantilar1 kendi i¢lerinde
tanimalari i¢in egitilirler

e Gergek zamanda gergek veriler ile ya da
ornek veriler ile dgretilirler

e Yeterli yetenekte uygun bir mimariye ve
6grenme yapisina gereksinim duyarlar.
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Sekil 2. Gergek sinir ag1 ve yapay sinir ag

Egitme ve Ogrenme ayn1 anlama gelmezler.
Egitme, agin Ogrenmesi igin bir islemdir.
Ogrenme ise egitme isleminin neticesidir.
Egitme aga disaridan etkidir. Ogrenme ise
agm igerisinde gelistirilen bir aktivitesidir.
Danigmanli  (supervised) ve danigmansiz
(unsupervised) olmak ftizere iki tip 6grenme
vardir.

Ogreticili egitmede, elde dogru ornekler
vardir. Yani egitme Orneklerinin tamami i¢in
(x1, x2, ..., xn) seklindeki girig vektoriiniin;
(vl, y2, ..., yn) seklindeki ¢ikis vektorii, tam
ve dogru olarak bilinmektedir. Herbir (x1,
yl), (x2, y2), ...., (xn, yn) cifti i¢in, ag dogru
sonuglari verecek sekilde, segilen bir 6grenme
kurali yardimyla egitilir. Bu yontemde aga
giris Ornekler verilir ve performans seviyesi
ile ilgili geri besleme bilgisi verilmez. Ag giris
isaretine gore degistirilmesi esastir. Bu
durumda higbir egiticiye ihtiyag yoktur.
Probleme ait veri girislerine karsin ¢ikiglar
mevcut degildir. Bu yiizden bu tiir bir egitme,
giris verilerini gruplandirarak egittikten sonra
verilen  herhangi  bir girisin  egitme
smiflarindan  hangi smifa ait oldugunu
gosterebilir (Hopfield, 1987).

Cok katmanli Perceptron (Perception-
neuron bilesiminden olusmusg 6zel bir kelime
olup idrak-algilayict manasindadir) giris ve
¢ikis  katmanlar1 arasinda birden fazla
katmanm kullanildig1 ileri beslemeli (feed-
forward) YSA sistemidir. Gizli katman
(hidden layer) olarak isimlendirilen bu ara

katmanlarda, diiglimleri giris ve ¢ikis
katmanlarma dogrudan bagli olmayan islem
elemanlart vardir. Sekil 3°de ¢ok katmanli
perceptronun genel yapist verilmistir. Cok
katmanli  perceptronlar, tek  katmanh
perceptronlara ait sinirlamalarin  birgogunu
ortadan kaldirmalarma ragmen, 6nceleri etkin
egitme algoritmalarmin mevcut olmamasidan
otirli uygulamalart yaygin degildi. Ancak
yeni egitme algoritmalarinin gelistirilmesi ile
bu durum degismistir(Karlik, 1994).

Cok katmanli aglarda, veriler giris katmani
tarafindan kabul edilirler. Ag i¢cinde yapilan
islemler sonucunda ¢ikig katmaninda olusan
sonu¢ deger, istenen cevap ile karsilagtirilir.
Bulunan cevap ile istenen cevap arasinda
herhangi bir ayrilik varsa, agirliklar bu fark:
azaltacak  sekilde yeniden diizenlenir.
Giristeki deger, agirliklar uygun noktaya
ulagana kadar degismez. Hesaplanan ¢ikislar,
istenilen cevaplarla karsilastirilarak sonucta
gerekirse hata belirtilir. Hata isareti gizli
islem elemanlarindan ¢ikis birimine olan
agirliklart degistirmekte kullanilir.

{'!J_i:l & F gl mums kb pirdd § ool o 1 hue
Sekil 3. (n:m:p) mimarisine sahip birgok
katmanli perceptronun yapist

Hatanin  geriye  yayilmas1  (Back-
propagation)  egitme  algoritmasi,  ¢ok
katmanli, ileri yayilimli bir perceptrondan
elde edilen cikislar ile eldeki hedef ¢ikiglar
arasindaki hatalarin karesinin ortalamasin
minimum yapmak i¢in gelistirilmis iteratif bir
gradyan algoritmadir ve egitme iglemi igin
genellestirilmis delta kuralim (Generalized
Delta Rule) kullanir. Hatanin geriye yayilmasi
algoritmast genellikle iyi bir performans
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