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Oz

Gozenekli ortamlarda sicaklik ve yeralti suyu akis modellemesi ¢alismalari, hidrojeolojik modellemeler ve jeotermal alanlarin
modellemesi gibi konular1 da igerecek sekilde genis kapsamli uygulamalar barindirmaktadir. S6z konusu yerbilimleri problemleri
icin Modflow, Feflow, Comsol Multiphysics gibi programlar siklikla kullanilmaktadir. Bu ¢aligma dahilinde, literatiirde
uygulamalar1 bulunan bu programlara alternatif olarak ANSYS FLUENT isimli hesaplamali akiskan dinamigi (CFD) ¢oziiciisi
karsilastirmali degerlendirme (Benchmarking) c¢alismasina tabi tutulacaktir. ANSYS FLUENT programinin, Bati Anadolu’ya
tektonik agidan ¢ok benzer yapiya sahip olan Basin and Range bolgesinde gergeklestirilmis ve model parametreleri yaymlanmig
McKenna ve Blackwell (2004) caligmasi ile karsilagtirmali degerlendirmesi yapilmis olup, programin yerbilimlerinde
kullanilabilirligi gosterilmistir.

Anahtar Kelimeler: Sayisal modelleme, Akiskan modellemesi, Sicaklik modellemesi, ANSYS Fluent, Karsilagtirmali ¢oziim

Abstract

Temperature and groundwater flow modeling studies in porous media contain a wide range of applications including modeling of
hydrogeology and geothermal fields. Programs such as Modflow, Feflow, and Comsol Multiphysics frequently used for these
geoscience problems. In this study, we performed a benchmarking study of the ANSYS FLUENT, computational fluid dynamics
(CFD) solver as an alternative to the software used in the literature. For this reason, we selected the study of McKenna and
Blackwell (2004), in which the model parameters are published for benchmarking. Since their study area of Basin and Range
province is under similar tectonic forces as Western Anatolia, this benchmarking model is a suitable candidate to prove ANSYS
FLUENT software’s validity in geosciences.
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GIRIS jeotermal alanlarin  modellemesi  (Orn:
Oldenburg ve Pruess, 1998; Magri vd. 2010;
Bir ¢ok yerbilimleri  probleminin Borgia vd. 2012; Magri vd. 2012; Taillefer

cozlimlinde sayisal yeraltt suyu akis ve vd. 2018), hidrokarbon c¢alismalar1 (Orn:
sicaklik modellemeleri siklikla Moridis 2002; Andersen vd. 2005; Bourdet
kullanilmaktadir. Bunlardan baslicalari vd. 2010), ve yeralt1 kirliligi caligsmalaridir

50


mailto:uners@itu.edu.tr

(6rn: Christoph ve Dermietzel, 2000; Eyles
ve Meriano, 2010). Yerbilimlerinde siklikla
kullanilan ve gozenekli ortamda yeralt1 suyu
akisini  modelleyen Modflow (Harbaugh
2005), Feflow (Diersch 2014), Comsol
Multiphysics (COMSOL  Multiphysics),
TOUGH2 (Pruess vd., 1999), PetraSim gibi
hesaplamali akigkanlar c¢oziiciileri sonlu
farklar, sonlu elemanlar ve sonlu hacimler
ayriklama  tekniklerini  kullanmaktadir.
Bunlara alternatif olarak kullanilabilecek
hesaplamal1 akigkanlar dinamigi ¢ozlcusu
ANSYS FLUENT go6zenekli ortamlar icin
benzer hesaplamalar1 yapabilecek kapasitede
bir  hesaplamali  akiskanlar  dinamigi
yazilimidir.

Karsilagtirilmali degerlendirme
problemi (Benchmarking problem) temel
olarak {i¢ prensibe dayanmaktadir; gecerlilik
(Validity), yeniden uretilebilirlik
(Reproductivity)  ve  karsilastirilabilirlik
(Comparability) (Prechelt, 1994). Bu ¢alisma
kapsaminda kullanmilacak olan ANSYS
FLUENT isimli ticari yazilim, programin
farkli  versiyonlar1 i¢cin  ¢ok  sayida
karsilagtirmali degerlendirme ¢Ozimu
gergeklestirmis  olup  sonuglarini  resmi
internet sitelerinde kullanicilara sunmaktadir
(ANSYS, 2019). Bu kapsamda, kullanilacak
olan yazilimin akigkanlar dinamigi ig¢in
yonetici denklemleri (governing equation)
dogru c¢ozdiigii bilinmektedir. Dolayisiyla
gecerlilik ve yeniden uretilebilirlik kriterleri
saglanmistir.

Hesaplamali akigkanlar ¢oziiciisii olan
ANSYS  FLUENT  programi  makine
miihendisligi, ucak miihendisligi, kimya
miihendisligi gibi bircok alanda (ANSYS,
2019) siklikla kullaniliyor olmasina ragmen,
literattirde yerbilimlerindeki ornekleri ¢cok az
sayidadir. Ayrica, az sayidaki bu Orneklerin
hepsi ¢ok kiiciik dl¢ekli ¢alismalar olup (6rn:
Sarkar vd. 2002,2004) havza geneli
caligmalarin  6rnegi bulunmamaktadir. Bu
sebepten dolay1 program parametrelerinin
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(6rn: baslangic ve smir kosullar1) denenmesi
ve yerbilimlerine uygun parametrelerin
secimi amaciyla karsilagtirilabilirlik testine
tabi  tutulmustur. Bu amagla, yeralti
geometrisi,  fiziksel ~ve  hidrojeolojik
parametreleri  (gegirimlilik, 1s1l  iletim
katsayisi, porozite vb.) literatiirde
yaymlanmis olan McKenna ve Blackwell
(2004) calismasi kullanilmigtir. Karsilagtirma
amaciyla secilen calismanin Bati
Anadoludaki horst-graben sistemine
benzeyen Basin and Range bdlgesinde olmasi
programin Tiirkiye’deki yerbilimleri
problemlerine uygulanabilirligi acisindan da
dnemli bir kriter olmustur.

KARSILASTIRMA MODELI

Karsilagtirma modeli i¢in McKenna ve
Blackwell (2004) c¢alismasi segilmistir.
McKenna ve Blackwell (2004), ¢alismasinda
Basin and Range bdlgesindeki rezervuar
sicakligi yaklasitk 280 olan bir jeotermal
sahaya ait sicaklik ve akiskan modellemesini

TOUGH2 ve PetraSim programlar1 ile
gerceklestirmistir.

McKenna ve Blackwell (2004),
olusturduklart  sayisal model, gerilmeli
tektonik  rejim  altinda agilan  havza
geometrisini  temsil etmektedir. Calisma

sahasi olan Basin and Range bolgesi, 8 km
derinliginde ve 23 km uzunlugunda bir
model geometrisi ile temsil edilip, 7471
elemandan olusan diizgiin kare aglar ile
ayriklastirilmistir (Sekil 1). Model geometrisi
birbirlerinden yaklasik 9 km uzaklikta ve bir
vadi ile ayrilmis iki adet dag igcermektedir.
Daglar, havza tabanindan yaklasik 1 km
yiikseklikte yer almaktadir. Vadi, kalin bir
sediman tabakasi (4 km) ile kaphdir ve
vadiyi smirlayan ylksek dalim acili (65) ve
yuksek gecirimlilige sahip bir fay modelde
mevcuttur.

Sekil 1(a) model geometrisi lizerinde
yer alan sayilar farkli jeolojik birimleri



gostermektedir. Tablo 1’de her bir bolge icin
model parametreleri (porozite, 1slak 1sil
iletim katsayisi, yatay ve diisey gegirimlilik)
yer almaktadir. Modellemede 2650 kg/m®
sabit yogunluk ve 1000 J/kg.K 1s1l kapasite
(heat capacity) kullanilmistir. Ust duvar
sicakligi 10, mevsimsel ortalama sicaklik
olarak kabul edilmistir. Modelin alt duvar
sicakligi ise bolgede daha dnce yapilmis olan

1s1  akist caligmalarindan derlenerek 90
mW/m? olarak secilmistir. Yan duvarlar
adyabetik  olup, 1s1  gegisine  izin

verilmemistir. Buna ek olarak {ist duvar sinir
kosuluna 1.01e+5 Pa (1 atm) yiizey basinci
uygulanmigtir.  Ayrica  McKenna  ve
Blackwell (2004) iist duvar kosulunda tepe
noktalarindan akiskanin modele girmesine
izin vermektedir.
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Sekil 1. a) Model geometrisi, b) Model aglari
(McKenna ve Blackwell, 2004)
Figure 1. a) Model geometry, b) Model mesh
(McKenna and Blackwell, 2004)

Modelleme caligmasinda sadece
anakayanin gecirimlilik degerini degistirerek
¢oziimlemeye  gitmislerdir.  le-16 ~ m?
gecirimlilik degeri ile yaptiklart sayisal
coziimlerde yillik akiskan bosalim miktarini
17000 L/y1l olarak hesaplarken, Se-16 m?
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gecirimlilik  degerinde akiskan bosalim
miktarini 45000 L/y1l olarak
hesaplamaktadirlar. ~ Calisma  sahasinda

yapilan Olglimler ve tahminlere gore sahada
ortalama akigkan bosalim miktar1 31600 L/y1l
olarak belirlendigi bilindigine gore
karsilastirmali degerlendirme ¢aligmasi 1e-16
m?  gecirimlilikli  model  kullamlarak
gergeklestirilmistir.

McKenna ve Blackwell (2004), 32 My
dan sonraki modellerin kararli duruma
gectigini belirtmislerdir. Tablo 1’deki model
parametreleri  kullanilarak McKenna ve
Blackwell (2004) tarafindan hesaplanan
sicaklik ve akis dagilimi Sekil 2°de
gorulmektedir. Referans makaledeki
¢cozlimler modelin kararli duruma gegtigi 32
My baz alinarak ¢izdirilmistir.

Sicaklik  dagilimma  bakildiginda,
yuksek gecirimlilikli bdlgede, yani fayin
oldugu alanda, yiizeye dogru sicaklik
konturlarmin  siklastigt goriilmektedir.
Faydan wuzaklastikca essicaklik egrileri
yumusak gecisli bir sekilde siralanmaktadir
(Sekil 2). Akiskan hizlar1 incelendiginde ise,
hizlarin 1e-10 m/s ile le-14 m/s arasinda
oldugu goriilmektedir. Fay boyunca yuzeye
dogru hareket eden akiskan, hesaplatilan
sicaklik egrileri ile uyumludur ve bdlgedeki
151 transferimin taginim hiicreleri (convection
cells) ile gerceklestirildigini gostermektedir.

Bu calisma kapsaminda Sekil 1(a)’daki
yer alti modeli ANSYS Design Modeler
kullanilarak tekrar olusturulmustur (Sekil 3).
Yeniden olusturulan model 110072 adet
diiglim noktasi (node) ve 218798 adet sonlu
hacim elemanindan olusmakta olup diizgiin
iicgen aglar kullanilarak ayriklastirilmistir.
Coziimleme yapilan hiicreler sedimanlar
icinde 25 metre, anakaya ve dip boélgesinde
50 metre ¢ozlniirlige sahiptirler.



Tablo 1: Model parametreleri (McKenna ve Blackwell (2004)’den degistirilmistir.)
Table 1: Model parameters (Modified from McKenna and Blackwell (2004))

. Islak Isil fletim Yatay Gecirimlilik Diise
Ortam Malzeme Porozite(1) g cavis (W/m.K) Y (m%) Gecirimlilik (m?)
1 Anakaya 1.0E-01 25 1.0E-16 1.0E-16
2 Fay 1.0E-01 25 1.0E-14 1.0E-14
3 Fay (Vadi tarafi) 1.0E-01 1.25 1.0E-18 1.0E-18
4 Fay (Tepe tarafi) 1.0E-01 25 1.0E-18 1.0E-18
5  Dip 1.0E-05 25 1.0E-20 1.0E-20
6  Vadidolgusu 1 1.0E-01 1.25 1.0E-15 1.0E-16
7 Vadi dolgusu 2 1.0E-01 1.25 1.0E-15 1.0E-16
8 Vadi dolgusu 3 1.0E-01 1.25 1.0E-15 1.0E-16
9 Vadi dolgusu 4 1.0E-01 1.25 1.0E-15 1.0E-16
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Sekil 2. McKenna ve Blackwell (2004), sicaklik ve akigkan hizlar1 dagilimi (32 My)
Figure 2. McKenna and Blackwell

o © [~ B

(2004), temperature and fluid flow pattern (32 My)

2.5

Sekil 3. Karsilastirmali degerlendirme icin ANSYS
Design Modeler kullanilarak olusturulan yeni model
geometrisi. Sekli icindeki kare alan igerisinde
yakinlastirilmis 6rnek ag geometrisi goriilmektedir.
Figure 3. New model geometry produced using ANSYS
Design Modeler for benchmarking. Inset figure shows
fkm) focused mesh geometry.
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SONUCLAR

Bu ¢aligma kapsaminda Bat1 Anadolu’ya
tektonik agidan ¢cok benzeyen Basin and Range
bolgesinde daha dnce yapilmis olan sicaklik ve
akis modellemesi, programin karsilagtirmali
¢ozlimliniin  yapilmast amaciyla ilk kez
ANSYS FLUENT hesaplamali akiskanlar
¢oziiciisii kullanilarak hesaplatilmistir.

Sekil 4, ANSYS FLUENT ile elde edilen
kargilastirmali  degerlendirme  sonuglarini
gostermektedir. Fay cevresinde hesaplanan
sicaklik egrileri, referans makalesinde oldugu
gibi akigkan hareketi ile birlikte yukar: yonli
olarak  faya  yaslanmaktadir. Faydan
uzaklastik¢a ise egsicaklik egrileri diizgiin bir
sekilde ardalanmaktadir. Yiizeye yakin
alandaki en yiksek sicakliklar, tasimim
mekanizmasinin  etkisiyle fayin  iginde
izlenmektedir. Hesaplatilan ~ akigskan
hareketinin genel dagilimi referans ¢alisma ile
uyumludur.  Sedimanter havza igerisinde
bulunan tek bir taginim hiicresi akigkanin saat

yoniinde dondiigiini gostermektedir. Referans
modelden go6zlemlenen tek fark maksimum
akiskan hizlarinda izlenmistir. McKenna ve
Blackwell (2004), modelleme ¢alismasinda, en
distik akigskan hizi degerini  1e-10 m/s
hesaplarken, karsilagtirmali dogrulama
calismamizda en diisiik akigskan hizi 1.7¢-8 m/s
olarak  hesaplanmistir. ~ Genel olarak
modelleme calismalarinda 1e-10 m/s, sicaklik
dagilimimi etkilemeyecek kadar kiiclik bir
hizdir.

Bu c¢alisma ile ANSYS FLUENT,
hesaplamal1 akigskanlar dinamigi ¢oziiciisliniin
gozenekli ortamlarda siklikla  kullanilan
Feflow, Modflow, Comsol Multiphysics vb
programlara iyi bir alternatif olabilecegi
kargilastirmali  dogrulama  ¢alismasi ile

gosterilmistir. Ayrica, sicaklik ve yeralt1 suyu
modellemesi

problemlerinde
ispatlanmastir.

gerektiren
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Sekil 4. Karsilagtirmalt dogrulama i¢cin ANSY'S Fluent ile hesaplatilan sicaklik ve akiskan hizlart
Figure 4. Temperature and fluid flow pattern calculated with ANSY'S Fluent for benchmarking
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SUMMARY

Numerical groundwater flow and
temperature modeling are frequently used in
the solution of many geosciences problems
such as geothermal field modeling (i.e.
Oldenburg and Pruess, 1998; Magri et al.
2010; Borgia et al. 2012; Magri et al. 2012;
Taillefer et al. 2018), hydrocarbon studies (i.e.
Moridis 2002; Andersen et al. 2005; Bourdet
et al. 2010),and groundwater contamination
(i.e. Christoph and Dermietzel, 2000; Eyles
and Meriano, 2010). There are numerous
examples in the literature which uses
computational fluid dynamics solvers such as,
Modflow (Harbaugh 2005), Feflow (Diersch
2014), Comsol Multiphysics (COMSOL
Multiphysics), TOUGH2 (Pruess et al., 1999),
PetraSim. In this study, we performed a
benchmarking study of the ANSYS FLUENT,
computational fluid dynamics (CFD) solver as
an alternative to the softwares used in the
geoscience problems.

We selected the study of McKenna and
Blackwell (2004), in which the model
parameters are published. Moreover, their
study area of Basin and Range shows a
extensional tectonism as in Western Anatolia.
Thus, benchmarking this model not only
proves the validity of the ANSYS FLUENT,
also shows that the software is also applicable
to the geoscience problems in Western
Anatolia.

Model geometry of the Basin and
Range province consist of two mountain
ranges which are approximately 1 km high,
separated with a 9 km wide, 4km deep
sedimentary basin. There is also a high
permeability fault with high dipping angle (69)
present at the side of the seidmentary fill. This
23 km x 8 km cross-section discritized by
7471 uniform square elements (Fig. 1).

Table 1 shows the physical parameters
such as, porosity, thermal conductivity,
horizontal and vertical permeability for the
modeling. McKenna and Blackwell (2004)
also implemented density and heat capacity as
2650 kg/m? , and 1000 J/kg.K, respectively.
Vertical walls of the model box
impermeable to fluid flow and heat transfer,
thus making the boundary adiabatic. 10°C
constant temperature which is the region’s
annual mean temperature is used for the upper
wall boundary condition. McKenna and
Blackwell (2004) also mentioned that they let
the fluid enter the system from the range tops,
which corresponds to rainfall. Moreover the
model box is under the 1.01e+5 Pa (1 atm)
surface pressure which implemented at the

is

upper wall as boundary condition.For the
bottom wall, 90 mwW/m? heat flux is
implemented to the model deduced from
previous studies.

McKenna and Blackwell (2004)

indicated that the numerical solutions reach
steady state after 32 Ma. Furthermore, the
measured and predicted yearly discharge rate
at the faults corresponds with the basement
permeability value of 1e-16 m2. Therefore, we
show their numerical solution of 1e-16 m?
basement permeability after 32 Ma.

Figure 2 shows temperature
distribution and fluid flow vectors. Model
predicts smooth isotherms away from the fault
zones where the fluid circulation does not
significantly affect temperature gradient. On
the other hand, there is a non-linear vertical
geothermal gradient observed near the
relatively high permeable zone (fault).
Isotherms leaning towards the relatively high
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permeability zone (fault) indicate that the heat
in the area transfered by convection cells.

Due to the measured and predicted
yearly discharge rates, we reproduced the
model geometry and compare the results with
such permeability value of 1e-16 m2
Reproduced model geometry discritized with
110072 nodes and 218798 triangular elements.
Mesh resolution at the sediments, faults, and
basement are 25m, 25m and 50m, respectively
(Fig. 3).

Figure 4 shows the benchmarking
results calculated from the ANSYS FLUENT
CFD solver. Same high vertical thermal
gradient, which shaped by the fluid circulation
is observed at the fault zone just as the
reference model. Fluid flow pattern is also in
agreement with the model of McKenna and
Blackwell (2004). However, there is a slight
difference in velocity magnitudes. Calculated
velocity magnitudes in the model of McKenna
and Blackwell (2004) are between 1le-10 m/s
and le-14 m/s, whereas the calculated
maximum velocity in benchmark model is
1.7e-8 m/s.

In this study, we present the ANSYS
FLUENT, computational fluid dynamics
solver as an alternative software used in
geosciences such as Feflow, Modflow, Comsol

Multiphysics, by doing benchmark tests.
Furthermore, it is also shown that the ANSYS
FLUENT is a suitable tool to solve
geophysical and  geological  problems

associated with groundwater flow in Western
Anatolia.
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