PYFA aiio F+Y 31500 3 310 ye IS oytes = B 22 syl dlie
29 9 910 5o °) VM{, 293

&3¢9 ) u_Q:- CFD il—wJuw
&5t g 55 aSmd dlgd s ,d 54iS ) Idg

T ol 98 garw (e T Lildy g1led pol T(g b & pognS TS B WLlES Sgrune ! (g ol i g
Olrl Qledel (garo voly (BBl Sloz (ond (owditr 9 (oord (et Dledd S 0 )
Al eoleio] s oKl ¢ o swskiges 00SEils —Y
Ol ey oRiils (65,6l 5 Hare swidige 0aSiidls -Y
Olnleosbee i (B p0,m sl 5 &S00 (Jale o widlay 5 Sy Lanzmo ool =¥

Olrlembie o (50,0 (lewl 515 w8 05 -0
VESYNV DA G pdy s VEVNY/ Y sl s s
CRVCES

Slbre SVl Selind vy (ool JI5 adg) s S )3 0uiS Jlog ool ity 5 @ (SO (A ol o
G35 aal jlea S log anjsi g 05 () E5 5l (i 3550 00S g s (L8 F 58 g Sl 55
5oy e 5 oy 0 yShat 00t s (6L el i (65l o S lodl S5 3l aslitl Ly ) km alols s
m sy alols ;5 ols olis g5lwoe mals ai8 3 )18 ()2 9j50 G Gplws ot G x> (G R
el Sy Jgidia Vo v e VM Sy L oSl 45 ablio 45 5 odh sl 00 isS lagy e lalé ag) b glat) 51 Y- -
OB LS s ialS Ve e mm? 4y Ve o mm? 1 55 o 48 50,0 Sl Y a5l i ol S pae 008 logr e
clale B ns pals glacelw ool (lid pivnew gilwJow 4 bgo e mols cul s laib vl o s o 29,5 cbale
3 @omt Sl oyl a5 Ensl 0 bl (i il F Ly 45 a0 AD MEZM® 350> dy 00 iiS logs ol
Loyl )b ol ainte pdlie gy (63, Shos slo ol )ly po edd L 52050 ol (gl 09,5 (o0 adlaie )3 00 log:
B 5o Glwgi A g V8 il e 00 S oy B3 it Ol 9 pasiis 5 ael Cwady g 59 slacels o

dgazxo (ylodl ¢ 53 00isS Y10 g ¢ srd (I (g3 lw S 0 uiiS 10 Ls.\.ﬁJS Olols

ol ol s S g o sa S pae Aodlo
ool 3,5 Lo pmlple cdlbs anles Jlss e oo 08l sy 5 costay i daihal b 5
Seambe By b 55 Gloyr amoaiS)lbe aolfi s Ly ady bedas 5l ot & ygo 4o I
S oo ool saims o sole S lgiea

Slle Jogua
I 5 7] haghshenas@jiut.ac.ir Sig xS w0
(DOI: 10.22078/pr.2024.5039.3250) : Jlusus awlis



Sl a8 Yoo Ol gz 8 o, 5 log

Ol)e g (5ol g

oz 5 Lol ol 00 Lol o0 isS fogs Sl srgzs
Lt 31 oS fogs oole iy 5 a5y
15 el 00 il (g et Sil Bl igios )
4[] il e g siasola asls 3o S
adg) by laz 5 00 S log oole CAz lie Jdos
lo)lid g Les o L3 5)5 0 Giod il 518
Gl Gz ol o el 48§ O g0 e iz
bl sleaiS log ool (b Gz (o)
bl e Sl Cas ] A w0l C,/C,
cbale 4 (C) s bl i o oo S jlogs ool
il (C) sl iz o a0 1S g,
Gl (rha Si 0 S0 ) 4 jlade o
cles yo ol e ebnl sl las 9wl o
Ol Oloey CnidS Ly as ol Jol> azes o
S0 o Al c il 4y 0a S Jogs ool il
oS358 b i gl o 48 05 b
Aol Gls—sar ol Gl s 0 2l
Sl adgd s vl as gr.’.L‘“‘-lﬁ'] 2° @15

00uS Hlogs ool a5 o,l0 g mg ISl ol Wiloa i
Sl ials ol el g oad wdm ady asay yo
ol a S cwl palol oy >ga S gla s Ll
3 e g ail ials e csdS L oo iS log:
G Giod 0l dples U o] lase Sas
ady) Loz o oaiuS log ity il a0
ol 0o alosil [V] il S § ol )5 o I8
Seline SO 3l oolawl Ly pl Ko gl 5
S ol ea S e 2y (Sl—wlxe YL
Fhassls 8 ey 05 b S5 4yl L s
Cald a e 3 JLad g ce s e (el
R L L e ) P
=i Opoaadd 5 soa S log aS
s 4y il iy S e S oy Sl L
cdale ad 5o, ea S g ckale 4 8 Ce b
L2 glool sl 6 meslS am alold (o cuiiS log

o S CFD (g5l o

don Jbe s Ol e g nanl (Ol o e
ldds 5T e 5 g Jte (60 (LS 5
&‘9_)‘ [V] OQ_MAGA ool oA_l.lS)‘oy 019_&43
Csiio jo 55 oo S g sbrolSi ol —alixe
Sloytad oo S logy a Lo 3l s o ool
ASLS g B A LS () S Ly
loonisS Jlogy ] 6,55 5 (ol A5, LS (gladons
J.aj_...:‘;o oola_wl ).._..M...a U‘)_" B 6_9.,)).' 9 )[x_f)l.:S
el o gy o hale o S pac g
g 00—b oS Jlogy o)ly Lol a gl a5 5l 538
3,00 (5,980 gw 4Ly Ya_n_u S 5 ouiS log ool
USSP WP W) CPVRS WO PR L g WS
35 ol el caand L 00,5 oy ol ady)
4_15.1 L oA_;.;S)‘Qj.g )bu )L)._M 9 os_wso Jaj_l?u
Iy aab VO-YO mg/m?® eogaswe jo asl as 55 Lol
oS log 00ls ¢ i )35 e, 4o L T] 08 o el
oolo a5 ! JLM) w‘ a4 u’_m)]: 6@0&_»»0
s u_i’ .]a_wy LG u)_>u 90 O¢>90 oA_J.JS)‘Oy
Gup ol dBl a8 jLad 5l ma Lad L 5o)5
‘;a_.u oy, S s b_n.:)); ool o> éa_w‘sn
S |) oy Sy ol )l Sy )lf —n>
L s 5l g9 ol a8 (St 5l oSG 0o
5 C S 2 je pos Vo aro ok d>lge ]
aloz 5ol ady Loz o cuiS log oole ai g
008 Jlog CBlgSh a il pae ;o S50 Jalge
0,190 (59, 00iiS Jlogy P i GIE s g Lo
)L? o u_:9.‘o) Sg—>9 soA_;LS)‘»)y u}—o_w‘dv.ws‘ 54_19.|
Sladllas 9SG [0] 5,5 o Lil soiiS logy g9

slo g, LwoaisS jlog gle sl og—az )0 solo;



PY-FA axiio AF+Y 150 10 5 01350 IYS oot vu_);!",}
k4

J cele S8 5 (a8 S5ty LIS o il
SBle L (g0 )3 L oy ml Wgd oo
3lg—o Ly (lilare aile) ouis 00 JE> Slale a5
Al sgzgady la S o (s aile) (9438
Ebe i el a S Sl o nl ol il

DY W ol e aslol caas &,

s o s oo ALzl Sl allae ;s (55,
St et oS Sl ST o
P eaiiS)lse 3y llb glwaigy g
IV [ W< JX PN W] ] L L g W - P9 e
Lol 5 o gt 4y by e 00 >
s s o i llSe 5 e
o—=lple bl oo lize Lol o oKl

G oad it Sl b 2 sls j le 3 e
oolial ] 5 ol oSyl Sy 5, Shae 3|
sl el culoos v G—diod il j0 09
23 iy oa S oy gies y Sl 5 ot
G=iod (bl Bae dig b () 5B adg) by las
5 008 logy e bl am el Jde 8l Cdid> o
) 5 else s e ol oS 515 ) s
D=iloe St il @8, v (s sLa B,
sloadoe (bl oz ot o )ltlaS 4SS les
CGS [0 0aiuS Jlogy (o )28 Liomiw coslaiwl 8,50
Loyl 1) el o0 sl aliae yoy e ol
bl 5 Lo gollhe adids bo aals 5 (g5l oe
3 d—ols 7l 3l 5 09— olSiusl il j0 35290
2 Gy ld gilvane Cgz OlsSee Jo—s
3ol yo ol s j0 g solaiwl o
e o5 s 5t CGS laolSi )
Sl 9 99 o0 o3liiwl (ol 5B 3,5 Jlagm
bsp S8 s 4 e boplss 0§
s S50ty s5Slal b ugi Vs ens 5 0353
el S 0 i oS e e
G—F d—doa (gble (oS o Lo g 55,80
oo i 38 (G900 iS logy o lasbiwl 5l s

25 g0 IS 3t o 5 00

s 4o [

o L5 asboe el o o4 g 009 yite 4]y
S gl 9 dasslg,y 5l Lesl o p o lasliwl cotale
Silwdde gl ke o sl Joe g o bale by,
B50,8 eolawl eSS g aa sl s > goae
So bhwg 5 adyd s 0 0uiiS Jlogs ool 3o,
el S 05y o plol gl 5 boay 00 S los,
20,5 c0 008 log oolo ctlale o g sl
S aS—b adgd b > gl o L (ml aels
Gy b anb oo als led ),y Ly ol
Oy Oy L5 (orbo 55 a0 S jlogy 00l e
oolaiwl by gllas cdloas souS jlog sole e lale
Sl (53 tnds 29 Lol i,
5ySkae 5y ;- S5m Jolge 4 ino 15 5 (o hline
Lgi oS g s Cdm w0aiS oy i
bo adgd (53,55 )3 008 logy Ak g adof o)l
5 o bosawl V) gV o] eculass 5 all 518 Ll
Jslse 3B (2 sLagialesl (b [V ] oK en
S5 i 5 e Sy e o hlishe
2 39290 bl e uSTL oo S )by Lo J3Sge
0d—iiS Jlogy ol aule g0V 8 atg) LSl mha
STy 5 4y S 4 SsS Sl, 1 g oy
00— (5 ygla—az dale 1,3 L oaiiS logy  olan
S50 1y 58 iy aSd saiSlae sle il by
Gy3eE sk 5 0l s mols asels )18 asllas
o STl —ide L asos so¥e 8 slady

ol oS 5l A wgs a¥ G aS by U ooyal
Al ol pogdle aS o a2 1) oa S logs ol
saolw o el bl o uoren g 4ty JSlo
Sg—2g (izmer b oo GialS T i A
i r55e Jlse Slads) s g, ol -t Slnle
| 00 ‘_,7_9).:.,0 (F*'M“a )lf o oA_;.;S)L)?.g o..)d_>
B8 sledsSse amle Ld 0p 2y Sypo o




;é)l_.m 9 0.5)_.:2.5 é_.vu.Jo )lf oli_il.? q )lf u)l_’;bo
IVeinadgd la s oo uloa b a s S
.. uj’)—w Yy | . ) . . 5o i" ‘

Ol)e g (5ol g

oS g Cger ol 5l )3 580
S5ty aS () 00 S o i 5l b
St Db oo bl cwloa b ool lis )
adgd b > o lise L& 0 oo S jlog i
Odor Handy Joa—») J—ox B o_wo YW
S dn g ol ol 0si o oolaiwl (Plus

e e I
LR e s 5 o899 )00l e (oS e
5o ol sl o Slee ol cwlio pg—w g9
o=l o olacel ol o g -V e e
mg/m’ Jolss oijlow &S 8 oMcl 5lb 0350 owe

mg/m’ o343

(T 035 Yoy oy glmosly s .l /)
od—d dpd 8 ey w8 eS8, b o wgi 4 S
oledls,m jo ouiiS Jlog clale lawgin ol (il
2 y0lie g 005 YO-Y) mg/m® cogaswe ;o V¥

Ll Vg Gollae alads

o S CFD (g5l o

Silmtinty S 9Tl e GBS ol gl
ookl oo S log 3, F o Slapi—anw
e bl b slomlan azrg L ioren g 050
g 00 , ISy adg) a5 5 cu S Jlog ajel
Dg on (6 S gl 3 a8lol ca S Jlogy B8 an
i gy Sl I Gy adlie (il o jslate
Spolins 5T E g oSl Lol woa uiS oy
o Aol jo 5 eoi a3l Sl wlxe oYL
Gl Jde iloa b ity g3l Jos 3l J—ol>
iz glacad b o g 5o, 5 adioe byl b oo
oo oLl JLitd g Lo Gilises byl o olSa ]
SShes gilaige Stz (—lo )l gl o 5

] 00 4.-‘)‘)‘ (ot

G (9

oa—ws olol CGS 3 208 by (20 s

ool )iy Gl e
Sle—L fae 3ol b 0 58 Jlasl s
adw Baa L MA m Jgbas (8) o sl

ool i u sl CGS [0 35250 (s, 55 00iiS 10g i ) S0

0diiS logy bawgie bl giomiw o0 mls ) Jeus

(mg/m’®) (5 ,Sdiges Jome ;0 00iiS logs oyl 5ue

SIS peiged Joo S,10 pdiged 2o,

Y VM ) Al axoS ( Jleds apdl pgu 38 VFee oo
A 7 O pine 45 D po 51 VEee ol >




PY-FA axiio AF+Y 150 10 5 01350 IYS oot vu_);!",}
k4

paa—(t]+p(U.V)U :V.[fPI +(u+ ) (VU (VU )%pld}F

)
. & T b—,"j) _
ok Hy

p5+p(U.V)k :V.{[;Haijk}Pk -pe )
e )

Hr = pPCu—
. i, Jusl Ll -
E+V.(—Deﬂ,VC)+U.VC =0 (a)
Deff =D +D, *)

B Slubre sla sl (ooles po Lals; (]
ot o s Ll g st s S
3 A ey S e
s Jo—bo )0 00 S oy ool 5 55 o>
SV LU | E SN PN NEETY [P YY
o0 S gy (sl Lamd i L5 0 65lus Joke

s Sl (60l 5 (oS sl el b coniS oy
Sl s |y Ll g oo oo 2 40 a8 0l cay yaS
codhe clale (30,55 ol 5l o le La el )b ool
e ‘ox.;S)l.)y A_JB‘ o lale ‘OA_I.QS)L)j.g QF:LQ) l_>
dyd o o> g sl G aloll 8
G35 oS 5 g i 123 G sled (35
&S5 9 e gy Jolbd ol gl oaaS oy,
Ll 80 g ey Cad 00iiS Jlogy e lale
0d—uS jlog cdale 5 8o Jlabe g co g, !
aladi 3l calire Jolgd o g calize slayley jo
59959 y° .\_wl.:(so\’a/f Cm)_]a55 Yooo mJﬁ_b@
Db aid I A 03 (6955 Sy (55 0 LB 4yl
O 5 (st S (6399 S e e (1
5O bwwwou)‘dy;«_]alcjg&ﬁu
S ad S I )0 gy )l byt ady 2>
B Gy pae b b add sls o)l sl
C s s o8 o b Sl ol o e b a8 S

FENTIUER

Sz G sl jisn o) Jau s bl
oolaiul (g3lawJow slsosls riwiors 5 L)
J=doan a5 cril (59,0 4SS () ;55 .00,5 0
Al 3929 00 uS gy o 0 a S lacasgase
A Dgd st Priew 008 gy w1 090 L Slaws
Alige ) oo 0 ead ek e S g0

ol ks > 005 1549 23595 CFD (g5

00 S )0 a2 558 (Silw e g (3o (il 5o
el o0y 03] JymanslS 38l 5 51 x5S 4o
Lt b it w55 45 s Lslon
e tlygn S5 LS 4y Jy L)oo m
ey JUasl L olion aa sl Jlw Loy Jlos
oolaiwl syl Jlasl Joo g aa sl L > sla Jow
Lol o0l g5l oLl & jgoas Loy 0
GaRaS—D S 2 olkr oLl ATl
A S cpl Jdoay g ad ool il Sl
Sl g odgm 0l Jlmn a8 any cod adg) Jo b

| ‘2

ol oais d._ﬂ)‘ 03— (G AS—

il 3,50 L Sl Jte g b S 5
18,5 )18

Lly, g 004 55 5L & jamody coiS Jlog ol > -
S L s eSS Ojgo ol 1 oS>
loa—d

azs,8 b o adgloylgns gl i) pae bbb -
Wil oo Blo dod olgs Jls mdaw -

A3 o STy (ormb 35 L ouisS logs -

BB e ady s Cp o g gl I DS 5l -
] 00

Ol dm bomye laly) ol omds S > o3lal
DV g VF o 5 )1, 8 ool wl 09 aza 3]

: ;iw/" 9 dolzo -

g—f+pV.U =0 o)

:C,SP o)’bd‘ dolzo -



Sl byl w0en VFe e Jlu olosls > an by ye
Sy = Gl jo ol pled 58 a1
5 oa plodl wlaalie 3-b .28 )3 )|, 8 colai |

Ol)e g (5ol g

a2 \Fe. oL,oo‘oP BN aS ad UaM olii_m.;.‘
AiBs ;o a5 o b plal glasS A 5,55
] os 8 )b 028 o plsal 5,55 YV
JJLLA 9 09g— olf.’;_mg" &50_“'" g_,\_d)_b AR ’YW
a8 L 5 YO« psi i jlid g Ve o+ mYh
Ot 7 il bl b ol ol
T e L R
GlalSe g Lale) 1o oo S jlogy o lale a5
Ao (s so Gl by cnl adg) la s 5l Galiss
4> Qa)_Yu_la)'l oy, 08 o g La..so 4S D0l
9 o0 ClgiSs g g it 4y (L
ud?f—w«é 6‘)_: el )A_D} oA_Q.QS)‘»)y (_r’LeH colale
G,y a5l glalold a > o l_o.._eo Sl o, S
ass ady) )0 CBIeSy & ysoas 00 S log clale
LgL:ch.la )Q o..\_Z.ZS)L)y c_>)93 LS,\_,,MJ[J QHLSQ
Jo—bas az>g5 Ly 0g-d ools yloii ade) 51 Iglae
0d—S log A il el Ve e e m a5 4ty ol
0d—% oolo ULW.) VoS O ye—oay xlaie o> o
A4S Sl et Ml T ISt 4 4 Lol
G5 Joman SoopaS adyd s glasl o
35 5L 0 —bbesy O jeods a8 log ol

QHLS" od—S ‘)4 9 .))‘5

o S CFD (g5l o

6395 L 1S3l e (Hol sl S S
add bz J by bwg Slws Oy o
00 S logy (6999 Sl rmlpll D90 3,5
s Gy ¥ S Ly e Sy ol Sy
O adol St g1 ,oolie S0 3 olas
aS Wil oo alicns 3P ol g Lo a LS
)_30931.9 J..)s_w g_a_’).su 4_19.‘ L= = p_gl.‘> ‘_,’_aL..Lo.c
Lo a8 50 3,55 slasd «63g)5 Cue s ;0lie
=5 G e i (3,5 ol g Gl dlass
> sl ilize slacas g b ezt wly
J8 Yy e a5 s sl il slags
SV mm? olie an B3 5l ;0 00 (B, e

el d_’))" J_:lS oS )léj_) )‘ Yoo

cr’TS b‘)_m W P P LE)L“’J"\"’ e
- 5)_|¢ ‘55—"“ J | J\.\_A )o ol.il_w.i‘ — WJL"
KL JOWERIPA l_._.).m K] os
A S Ve i Jolee 5 o5
8! 53 dgage ay g SO it (6o

0uisS Jlagy oo (o y2d slesls Solasasg b

-
E—
-
4

5 =<
- et—

19 |
7 ek | | |
vt l ]
[ \ ‘
-IY
-1 -/ \ '
t' a 1.. 1:3 \',- J—\'E!

T

|
L]

=

Y= - ra Fe. A B+ Ad Fe

o

() oo

005 09y (699,9 (Slwgs b ¥ S5



PY-FA axiio AF+Y 150 10 5 01350 IYS oot vu_);!",}
k4

. N e
(s) obes (mol/m?) clale
i i oI " ssl x) e
AL "
via L r::.af or- 150/8 1A
Y rioL Bd‘;:— il o \F
s - - I VFFId-
1 A L VE
s L Tl 1£¥
Ao = Y- oF = \EYa 'y
' Avia- L
o | vasal 17T,
ris 14| are VETIO- y-
aria- v L
B ‘?f_ oy |- 1100 - A
avial P B
r "o - " 5
[ B - 1510
ria [N Soiall o i i
r | 1R ol et
E 15 I
e Fasak 100 Y
v 18/8 b
4 B B 1OAIB -
“la e FALD var |

dgl s gl 5l il Jolss 50

A lio gilwJos loosls Lo 1) (oo 00iiS log
=S AS Sl S8 A a3 saome Gl b g
WMLSLQQ&‘ 4 ‘109_’)4; e 6L:z>o¢|.> Slass
> oo e 50 ST o 5b o 00 S oy
Ay g O caal lwg ;2 40 R,y ediS log
S o eacd ool s s wasles <l L 2l )l
Sz oY alold 50,5 e o el Ly aS
Vo m dgas d ouiiS jlog chale ad eSS
JLM:@_:LB.AOA_HS)‘O}’ ‘riLe‘JwE.LCBM_»J‘ 0
Slaae ) cwl sdus, +/+ « YA mol/m® sgu> 4
Y- mg/m’® Jolse o il vl o zly e p o lale
LJ‘"‘J"L“’ ] J)‘A:L_w‘ u‘)_.vo 00gdme 4O aS Sl
Sl 00 p_Jaa 6‘4_:; 4 Oli»_mu‘ u_a‘ )0 0990
G,y Veormm® Jolsw o> 3,5 2 04 S
Ll 5l oslio o ) Sloe Sl o as w0 les 0
=S a0 0038 Jog lime (g 9)l0 00 S Jlogy amyje8
G2 Sl b ol oY a >l o
=9 wdale LS 0l ialS Y.

a

(&

mm?® a4
By—an 3l S pl e cwl ol o> o
el 00l (6 S gl o2 (g0l caiiS log

.o

S

)‘U“’ OJ.&.&S)‘QSJ&AE.LCG)?JY J&w

Ay L ady) s gl 3l s S Lo Ly
Jsb o eble Glie i rnbo 51 50 00 S log S9-45
Glalols o Jlin flgseas g oads , 503 ady
ouiS Jlog clalé aldg) o glaol 51 VF e mosga >
it Sl sl ot e B L
ey 00 gy S Ble jlog ol Gls S ge ;5580
ol las ¥ Sl Ogmods |y 50,55 adads 5l aLold
oS logy o lale CiS plg oo TS (o L
G ahl Ve m o sgus o (Bl (bl ey
alold (il 5l 8 i) wonlss S ey 2o 4
Sl g Sl (g &30t 00 LS g g 95
S s 1) 4SS Gl al ea S lagy o
clale xiei Vor m oo 5l eS Jolgd jo ks
5% sy 00t SBIeS O jgmoty joia oS log:
oo el ckale adgd la s 51 VY e mosgu s alold
Sage ol el odu,y /o + Y mol/m® sgu > 4 g
Y mg/m® Jol s o lasbiwl o >ly oz p o lale
o] o oais 5,158 Jlae a4 4 S C]
sl 3 Jaibinl lacie ) i aidl g 009 S0y
MA Jolss oms Ll 000 o> ) o
i sla oles] jo a Sl as amg L oib o
slodols o e hle jouw Gl ca S oy
el 80 525 VYo m aLols o St ol 5o

ol glahd Ojeoa e ol



Ol)e g (5ol g

SR
--F
s[=TH

R

(mol/m®) clale

.

(D [

T T T T T T
1 1 1 [l 1 L

Yeomm® 5,5 ax> oy, ahds )l dlold cais p oaiiS log e clale ¥ SCS

T Fosu
(m) alold
Voo mm? 5,5 axe oGy, ahat j dlold cans p0aiiS logy e clale & S

9 U] o5l a5 s 5

Sl geslw
oy 60 ,Sos bl l (8L Bae S ol o
Bl asba s e ul bbby o 5,
S il jbie oy b e ialS
SUNCH Y U U U
Yerremih sgo > a dl i slacelw o oK

o S e 45 5 Bge oy Lied a8l o
=l a2 plol Ve o mm? o x> Ly 3,5 YV m
oa—d oals i 7 ISl pedl palas by e
o=l g aS cnl jarine b an asg Lol
cdale ol cSleSs cgr oY aloll o>

Wl oduwy Ve m ) S A 00 S oy

g0 4 Loy pe Sllos (ol ol ;S5 a4y 03
Veremh ogo > cd,b Lo ol a5 el
5 Jl il s Juab 5 el Sy Ji e
Safe g alb e Lo slacelw jo o ren
Tt plyiets a8 o a5 oS C b
loolS sl By e &S e glacel o
S b il e el et 43 i s ONG
aS Jyo S oo glatasde BB i als ol
a2y p o 0 LS 50050 el o landas
bl G oo plasil 35 L VY dgo >
g Sl L am it (B e 00 S log e
SWin s (] 05 (551 5 a8l Sl ] e bale

25,8 o adlais (o



PY-FA axiio AF+Y 150 10 5 01350 IYS oot vu_);!",}
k4

g3, alie

T T T T

[-Fa — s | o

1et Ll il

Lo +lerald Rl
"/\-\

RIEaT: ] 4
£
=]

g iy £l
N

HERT. 41 -

++0l 1 I 1 4

. s Fon A

Al sbhcels [0 5,5 ahads jl alold oo 0aiS logy (e clale £ JSCh

J=B Ol (B pa0 00 iiS jlog ol cailaie o
L3 walys als gz s

byl s o 04 1592 (3 35 At 2| i (i
G 9395 93 Oy (—ldos

A By ol Bl Bae (i Se ol o
0uiS gy o lastiwl ccdale an o) gl e
oS g bl e bl ol a g s o
[¥] asle Yo-Y0 mg/m® Ysone

cels ) 0uiS,lag B2y aage bulpd sl
39

Veomm® &5 e 9 ) s G, oley Gt o=l o
Veorem¥h aslyy, B ae olime ol a8 5 L5 (o
et 3,y dlaw mols G .l YV C Leo
! o oSyl i bl a S Lyl i o
O laibwl ccdalée a youw, (gl soel Cwon
Lyl ol css awl adds o an 0 V8 Jolas
sl 0o vols Las A ISl o o5lw Jow gl
Vo (b 5l ey 00 S o 45 il as it
Yo mg/m® o el e dale a Ve e mooga > o
Lyl b ol ol el byl i a S el oo,
59 sleiebw o (Shlee A byl b cids o
Oly—edy 355 oo Sloitiy 45 el ol o
25 ool itz e LAl oSl 53 Aty (551
DS 8 oolaiwl 0,50 39, slacelw

4 JS_»J d_>Ua.o oA_L.J.S)‘Oﬁ..: r»LQ.: o lale ‘rlg
Sofe ol wl sduw, ¢/ VY mol/m’ sg0 >
Ad mg/m® Jolso o Il wl o zly e i lale
s o ol ] cdl s caid 4 S e
Dg—b Ane g 4Bl ;S 5y ey 4ol
el ;o Gy bl b gl v
Lyl b oK) als sbeelw g B pae ials
Sz oo ol 0l 00ld s 00 S log 3,8
=5 sbplwg dlawias ool ol Jal, b
Veomm® 5,5 e 09 ) )V AEEy fe 0 gy
z= oV Sl 00,5 oo Gy o108 0 0aiS oy
ez Laes ol el olas by
pY alols el ol o aS crul atin VISl
Sgdz d oaiiS g chle uld G ey Sy
oo Jlog ol e ale g o wloowy Ve e m
odu—wy [+ +OY mol/m’® sgu > 4 JSi 5ol
S, Il sdgame jo 4 S el Y¥ mg/m? Jol e
A8.30 yo a0 VP labe ey g cuiS oy
008 Jlogr (G JSie &8, ,mogdle digy bl S



Ol)e g (5ol g

—efusf | i

Fee For

(m) alold
Ao Sl 0 Brae alS glacels jo 5,5 ahi | alold cans 5 caisS log e clale Y S

T T T T T
1+V¥ -
f+1Y A

% HEa] -

S efeh a

£

'5‘ Y- Al

g

DY N 4 i
I : -
=I=-T[ I 1 L I 4

Yoo Pou

(m) alobs
39 el o ang blh cod g5 abi )l dlold o p oaisS o clale A S

oA_AT Sy oli._w)‘)_)p_fl} ‘b"‘J—“’ JJL&O‘)—’
e U ISS lccwl Adds o an o A Jolse
390> ;0 Gdls b3l ey 00T Jlog 4 ol
Sl 00, YY mg/m® o laibwl clale au Yo » m

o ald glcelw o Sllas 4y bl 0
> ool olS5 ]

099 A4S pgphe o el oy
Slass L ooy 0, Shoe Ll (pols is
Gl 59y dy b se a5 aids jo Gy, 5VF 5l Ao
Cdlo Gl jo iy fenlS AdiBo 50 Gy A 4y
o g b bl va o, Slae s i 00 S lags

il aalss ot Jy b ol solaml , L |

cdl o]y ey bl ST a S pshe
5V s G, 2 oley g Ve mm’ 5,5 x>
W3, 8 bl VP Iy adBs j0 3o, P Slads slaw
2 9 8 ) e o Shes (g 00 S o
sl saalg: 1) solamdl , L

SBCelw 3 a8 I3gr 82,55 wae bl g5l
sl

Oy = sy ol Sleas 09 b0 53
wl—’J—’l‘Lafé°)—f‘ﬁé—.i)}3r°—?&9\ S &5
G yan s il b A S L s |3
o=l e awl YV C Lo g Yoo m/h &l
oals i 4 ISb 8 il ow mmls Lyl b
aS byl b ol e 5y oo .ol sal



PY-FA axiio AF+Y 150 10 5 01350 IYS oot vu_);!",}
k4

FENTIUER

JeFA
R
MR
R

1A
sfs\F
“fe1F
T

= T 1T 1T H

++1
ferh
fesd i
oo .lu‘rlIMi'l,.MmN. .
wfes¥

.

(=3
.
n

ol I N | 1 L1 1 1 Il 1 Il | I 1 1 H

P L
—efesF U
1 1
[

s 5o A bl Cod 3y aladl ) alold caus il g0l clale 4SS

wdg) s Lid o5 slos 5 ey o (gois] 3
9 Olia—nu." V\_._Q)Jo oy O oAJ}_wp...'a.u L;L:a),..a\)b
sholse 22 5ol w0, 58 5 0, Shoe a1
S 9 Silw o il lawgi ailes o a8 aii
Ga=lS lo el )y s ol jo 0 1S S )
Lo Lisd g Lo (o] cd,b) 15 e ps Jin

Alaid S8 s 350 4]
e =239 3= CGS dlmns) Cmd b 51—y
o) a8l Sl 28l Ba e (i Su ol o
el adgl a5 5008 oy aje oS>
el w poll o8 ba Solasa g L
G lizs slo fad o iomen g 59 ald L
Lyl & Cood ooiiS Jlog a3, 5 Hloae 0,5
JrisS slagi s b 5 e
ool wl oa S log A gy 9 38 G, P S
O ‘nL_,o‘ CGS ol.i«,._.u)‘ M_,»..SJ.E )__..S‘J,> 05__..«;

© 55 s s il S Cml Yoo oo mYh

A Hlade g oud (g3l Jow el slacos b
o0l (At i Syl o ululp oaiS log 305
ol o 00 a8, 8 i o slacus b ol
Verrem/h LYo mYh Jolse aieS ¢ d i

el oo B a8 T, b o s

Sladaay by wa S ooV IS8 5l a ]l
J—ol 4o ol o bt slaceln 3 sy
S Gy ol Al glacelw o Sla s o s
a8)S s o Voo mm’ ol 5,5 e 5 /0
G— VP 0 0l o loa o oo ss g
Jolne cwbo e bile L5 0y & o das a 588 jo
2 0 .00, 5 | ol a5 log sl ,— Y mg/m?
s Sl a S el g0 il lpla S 2 &y o
~>‘aLa‘ olX

asls ol e bl 3] 50 d9>g0

ool wl 050 dipy e Il> laicas ailes o ail
U dso 59 59) 9 o 58 i a0 Shes

el 003 sols ul—--’
838 N5 = G gl Jalse (o
Jlge a5 0l at i cos plosl Oldlas 3L
L3 000 S jlog ajel oS> 1 (g00xe
ol adez 5l il o S5 s S5 4]y
OB G5 et (50,95 4 (s o0 Jalge
> A o Slgo 5 e o ady) slay
n—= 54_J5J o)lHo o G?L‘a_w u_)\.x_‘> u‘)_" ¢4_19J
x_:‘)b Sg—=>9 uTAT S9—>9 )_:‘ ‘LQOMQJ;_&% s4_]9.‘
0d—iS o oleon—i (i STy (55,9 35 0 o ol>
Olyd bgiw gady las 55355 adg) o)lsmo Lo
sl il )l ol Sl ogei o il adgl (a5 a4y LLlS 10



Ol)e g (5ol g

o S CFD (g5l o

39y 5 o, 0aisS logr o lailiwl cdale @ s gl ey ags (60, Slae Iyl i Y Jgus

0dS Jlagy >g,m cdale | adds o 5,5 olass

(mg/m’) (NPF) (mm?)

Sy 2 ol | (mVh) cud)ls o] L

()

Y- \F Yoo

\ Vooo 59y el oo Slee

Y A v

\ Yoo i gl jo o Slae

vs \§ Ve

N Yooo i ol jo o Slae

Se—h pamde ;5583 0a LS oy a5 58
Yeooem/h oKl cd,bb oYV C ol 58 sl
Losge ccbale V) ISCs cwl oos a8 5 Ly o
g s Lad ey, adyd Loz | Sl coiljgol
by ahal) b Lid 2l L aas oo LS
SboiF o =2l Gl 3,5 ol 4
o aS jeboles b oo il Bl Iy
oiealS L os o Lil 55 e g ol 5 aallas
a8l S I lwgs 0,99 5 05 3,5 58 L
boe el oS lag Qi Glie b s
Ol 00 S Jlogs oml laylis o
Cble a5 0 o by a0y Sy b Sl i
VYV Ss gl a S aieS led o g o sl b
AL YO psi 8 ,Las  STas Jbs o el jatis
Yeomoga> 0 8ls bl ey 00 S g
WDy o0 Olailiwl osga e jo g el i dale oy
aLlols o V0 psils jLis ol lya s Jbpo
ol caiS jlogy clale ady glal 51V e m sgu s>
clale VO psiog YO« psi jlid o a4l ad 0g-d 0
VP mg/m® 5 YYmg/m® 5 5y o0iiS Jlog 29,5
SECED. Py

0SS 1592 21595 2 W) bd (Slod T (o) 2

55 = ) led Sl () Bae S o
YV C il 38 slws caoul oo aS g 2o
oo a8, Ly o Vere e mh oKl o8l
35 s aalaio (090 yue,S 4o azg Lo
3,8 8 oy 050 e TC LY Coongaze yo
adg) Jobo 5l Ve e m s ouiS gy g jes VY IS
A2 oo i |

Sy ol ed b L 55 B e T 50
o3 oo Gl a8 S 58 050 it (o
J—B Slasiw plos °9—~’36"’u"’)3 o o=l 5o
Al la—gy cdl Jolae Lads coy p—nlais
Boa el sasl Cwoay LB la psu o as
oS oy CAE (eSS g Ay B35 Sl (8L
Sl o] el slacod b o 29>
008 g By ey Slp Ao A sloss V-
Sble ol izmen g ol cd )b >
A a g L aes oo loii ] oa S log 29,
@l slacod b gl olas co oad all )] ol
45 Sg—ad (S telin SlassS T oy ol
03gd e )0 >g,5 4O 0diiS Jlog clale a_ien
Asb o lastul

25 51392 22598 2 W) s 5L ST (om0

Jd @dlse (B o Sl S aSiul a4z L
o8l Bas g ol o sl plwy Les s
bl )8 coo a8 log ) (Sl ae Ll 0
s gy a e g0 il ay) L 5 Lt ol
Sl deole s (s wlails n go-b50 il (o 2
S 50 s K005 Ly 5 59
g i ol o Jlid Aol LSe 5 (s
990, (o0 (29 )0 00S oy bale il
S8 St 38 Ly e 5 ol el b
alold )5 00 S )lagr g 35500 e Iz 0, Shes
Sy o O lastiul cllale an adg) gloul 5l g ,—eS
G =l 2 g 2ge gl S A e g L
s G bisee bl b Co8 i (g5l
Hlzd eodl e Ly oo plosl VO psi L5 YO« psi



0"‘0, &

FY-FA axio NF-Y WIPR KRV IR L S PR od gy Ao
I 3R 9 910 yo °) J )4 29y

CGS om‘ Ca.».ﬁ)ja 6|): 03 M;)]QJ)OﬁOLM‘” J,u\?

(m/s) gl Loz ) 55 s 5 (m*/h) 55 Sy ol5ee e e
a/f Yoo o] bl ar iy
/A VO ool o L 0
\ALd Ve 39y ° Slles cud )b
Ay v.-- b o Shlee cd)b
Y Yeoo Cebyb Jilae

b .,) a.
7% ;3’?-
:’1\ ~~
3 E "
n&e”
B
.Q:r.... -Q:m--- -Q:v... Q:r... -Q=1...
(m¥/h) oKus! b,
1,
P
YE.
FE.
7"
3 (NPF) oo L
mQ=r.----  NPF=¥r mQ=18--- , NPF=rv
mQ=v.-. ,NPF=s “Q=v... _NPF=4

°li;““'.’.| Q‘..S)Ja o> o».\.LlS)L)y &L@éd«lﬁhlﬁjcw)‘&y d’l))"““""" 6[.&4.:).04“.9‘)0‘.\&: ) N

ooy
i - = P= 5. psi
R4

ofevy —&—DP=r.. psi

—d— P=14- psi

(mg/m?) sasS log cdale
<

e P S 5 o,
(m) g Jsbs

g bz s oS o muje (55, 55 HLad SN S



Ol)e g (5ol g

A
e
1
:
en
g

o S CFD (g5l o

- x=T=r. °C
—a—T=W oC

— — T: feol °oC

3
‘:\ ’
had M
> L T T .

Yoo Fos

P Ao Youu

(m) aJg) Jsbo
ao Loz 0 00iiS ) log aues (59, 55 les SINY JSCh

3 —egls SO el Slmnloe awais (g3lw S
Sl38le 5 5l eoliiwl Ly CFD 5 JUT Lo wgs ady) Lo 5
bz byl b cod gazme Ll Gy, 9 JgmalS

La..so Sl old ool wl 8,50 Jos 0l )

L g bsgi oo S g G5 bl b oles

sy eaiS lagy e bale GIE e i 0SS
alold g anyd olasd ()3 e (5 2 Ol
ibee ilmtinge 5 S8 S Lo
0d—ds (65w e ol j5 S92 ge Ll laul

Sode by Joo b wgi ol o o o bale

RS DY L ) I PSR 23 KV] e
31 Jmole slmosls ay las co a5 0l et i g
by a5 il mals p—ei plosebl Jos
013 s ol s oS S Ll 4y
clale adg > gl 51V e mosga > alold (o
sl as” adlge jo (g oad el ouiaS log
Slmn Sl JSay Jpi o Ve e mih i s L
Gl 23 ol s o] (B e 00 S log
S Foge,s 45 wd et silw o gl
G2V e mm A Ve mm® Gl 5 e
Slaliwl o o =g, chale JBL LS w20
=2 ol 00 S Jlog B ae 1 aSLl s Cl
b A S (6,550 A ST Ll a6 S gl
clcelw pwas cul ol o, 5 I 8a>g 0,0

Sop Led 0l ;55 (695 At ;9 45 aSSlen
00 log 9 58 (St ele S (—le el
Ol 9 0005 I35 3985 o 35 (S5, e 5
Loyle 53158 j0 ouiS Jlogy ©dm g 0 > Jladl
Sty oS el (5 Sinn S Pl 5 e
ol L Les 8l Jle (lgiedy S i 5
D R B 31—'-9 45 0, s atal) S
R Syg—e sy Dl ST G e b
Sl patie Jol> ol e ang bcd S 8
b, SEYYC LY °C ol Les s &S
L oyls sauS jlogs mles clale 5 ouS log a il
5 e (6 e Sl is o C aly Leo a5l
0diS Jlogy g, il a S il as i g Cl
b 3l o o el g asdl poalS a8 Gl 4o
32 e ot 23,5 o Cl (5 a S
Yeoormogas S8l il Ly 00iiS logy Ve C sl
o=l ¥ C lws o Ty any o el e lale 4y
o=lode b oo pal T msgu >4y o b
9 3985wy Bl g 5 S o s

8 75 4o
S5 Jdow ol Goo aJlae ool o
yo—bae s g a g a5 0 a1 g ajel



PY-FA axiio AF+Y 150 10 5 01350 IYS oot vu_);!",}
k4

oo 3—dod ol 0 da S el g 4SS ]
ol oSl Lyl s asl) e ds g3ldigs
O S e g 0aiS g B rae o o5 S
Jasolan azg L crwl oogm 0auS log am el
Slaslef] o a5 ol sl Jo
O ’M_.S ‘Q_Q)J u‘g_....a.t 515 u_..u‘ 0o ool _wl
g oS I s g, ol o ) Le sl
Sy Slos Sg—npy Sz oud a3l Slolga iy 4y
4885 12 10 oy By Slass p—»—‘a-u i
=S bl b b o (095 Gl Sl Ly
Lol B g o) o by Las Ml ol

KN

P18 g SUiS
slocolos dlawlgas 85,0 w8 o5 5
.oo)_?‘sa

LU g @M

(mol/L) ousS Jlog cdale :C
(w09 B9 ¥ Laily, el o€
(w09 ¥ 5 ¥ Laly, b€
(ax>lg yg09) & dolee b :Cu
(M?/s) grpdo 55 50 00isS Jlogs 3985 oy yo 1D
(N) g F

(Pa) ,Lus :P

(K) Lo :T

() oley it

(m/s) ce U

(/kg) ctuwiz 55K

(M%) iz 55,50 BWI £
(kg/m?®) acsls p

(N.S/m?) 595y
(o) Vg ¥ daily, cbio

g3, alie

35 s NG sloolSi ] By e 45 o Sdons
GealS o) e bl o ialS 4t
olohs S 0 WS o gladade LB
o9 a4 835 ;a0 LS go0g il oy
e b oy s pldl )5 L TY
cble 5 ol L ol i (8 pas sa S log;
SMin o 1 0 (g5 5 9l il ]
E3—290 il oy 0 Gly—m 00, F o ailais yo
Pt eSS e 8 pladl al, b cod g5l o
VIS DR

ooblas Lyl s gl 4 as o8 Lias ail,

m¥/h sga > 4 ol 8 b ouls

G5 TV aido 5 50 Gy ol o oS>
A by e mols aas sl YY e e mm p o L
A oo log mles cdale ol s el o]
Ol ymlp ¥ ng.a) AS Sy oo AD mEg/M’ sg0 >
o 9= olmm) caw sl e g el 5 sl
Lol it G Sl 00,5 (o0 ailaie ;o 00 iS log
Sl Br—an (ol slacelw o g
N SR NI JPIE
G5 Ol Bman als slaceln jo ol

4_wo o d_’))" \# A 5 I 193 o "f)by

Sy o= &8y megdle Ll ot ol o sl iels
= pan 008 log i ddlaie ;0 00 S log
@oloaidl ;b jla S ol oo Stz SalS
alor 5l ganld gla )y 5l ol azg o5
oS )by a e p adg) s Lad g Lo
eSS ad pak e g &35 18 o) n 39—
S5 JLid odga e ;5 oS Jlog asl L0
=l Gk o izen Cilb 4y B () 2
YWCLsY:Cjlloos s a5 0l o e
s bl 5 oS log e i szl ST
i B C as Las i3l L 0l 00isS logs
cble a S cul jatin g el F g oS
il alS S ey ok S oy
G oS o b 5l ey 00 S gy i Lale
I Ce o 0 e el ol e 00, 8 o ol



NULSEE RO . &g CFD (5L Jows

&l
[1]. Anderson, R. N. (2012). Forensic engineering investigation of an LP-gas installation and an analysis of odor
fade, Journal of the National Academy of Forensic Engineers, 29(2): doi.org/10.51501/jotnafe.v29i2.773.
[2]. Gross, R., Fontana, E., Silva, A., Quadri, M. B., & Souza, S. M. A. G. U. (2018). Dispersion of odorants in
natural gas distribution networks. Heat and Mass Transfer, 54, 2827-2834.
[3]. Graf, F., Kroger, K., & Reimert, R. (2007). Sulfur-free odorization with gasodor S-free—a review of
the accompanying research and development activities. Energy & Fuels, 21(6), 3322-3333, doi.org/10.1021/
ef700406x.
[4]. Heidaryan, E., Moghadasi, J., & Rahimi, M. (2010). New correlations to predict natural gas viscosity
and compressibility factor. Journal of Petroleum Science and Engineering, 73(1-2): 67-72, doi.org/10.1016/j.
petrol.2010.05.008.
[5]. Ivanov, 1., Strmen, J., & Jones, L. (2009). Pre-odorization or “Pickling” of new natural gas pipe. Pipeline &
Gas Journal, 236(11): 48-54.
[6]. Saadatmand, M., Foroughi, H., Dai, T., Misra, T., Bensabath, T., & Farnood, R. (2015). Odor fading in
natural gas distribution systems. Process Safety and Environmental Protection, 94, 131-139, doi.org/10.1016/j.
psep.2015.01.005.
[7]. Gross, R., Fontana, E., Silva, A., Quadri, M. B., & Souza, S. M. A. G. U. (2018). Dispersion of odorants in
natural gas distribution networks. Heat and Mass Transfer, 54, 2827-2834.
[8]. Deymi-Dashtebayaz, M., Abadi, R. N. B., Dehkordi, M. M., & Amini, Z. (2019). Experimental and numerical
investigation of odorant dispersion in natural-gas pipelines. The European Physical Journal Plus, 134(6): 294,
doi.org/10.1140/epjp/i2019-12666-2.
[9]. Negaresh, M., Farrokhnia, M., & Mehranbod, N. (2018). Modeling and control of natural gas bypass odorizer.
Journal of Natural Gas Science and Engineering, 50, 339-350, doi.org/10.1016/j.jngse.2017.12.010.
[10]. Esfandiari, K., Banihashemi, M., Mokhtari, A., & Soleimani, P. (2021). Experimental investigation of
influencing parameters on natural gas odor fading in gas distribution networks. Journal of Natural Gas Science
and Engineering, 95, 104191, doi.org/10.1016/j.jngse.2021.104191.
[11]. Ossai, C. I. (2012). Advances in asset management techniques: An overview of corrosion mechanisms and
mitigation strategies for oil and gas pipelines. International Scholarly Research Notices, 2012(1): 570143, doi.
org/10.5402/2012/570143.
[12]. Jacobus, J., & Yaeger, A. G. (2008). Odorant loss in new gas distribution steel pipelines. Pipeline & Gas
Journal, 4(235): 48-49.
[13]. Wang, W., Sun, Y., Wang, B., Dong, M., & Chen, Y. (2022). CFD-based erosion and corrosion modeling of
a pipeline with CO,-containing gas—water two-phase flow. Energies, 15(5): 1694, doi.org/10.3390/en15051694.
[14]. Patankar, S. (2018). Numerical heat transfer and fluid flow. CRC Press.
[15]. Bu, F., Chen, S., Liu, Y., Guan, B., Wang, X., Shi, Z., & Hao, G. (2022). CFD analysis and calculation
models establishment of leakage of natural gas pipeline considering real buried environment. Energy Reports, 8,
3789-3808, doi.org/10.1016/j.egyr.2022.03.007.



Petroleum Research

Petroleum Research, 2024(August-September), Vol. 34, No. 136, 13-15
DOI: 10.22078/pr.2024.5039.3250

CFD Modeling of Odorant Distribution in a
Gas Pipeline Network and Optimization of
Operating Conditions

Navid Naseri', Masoud Hagshenasfard**, Kioumars Taheri’, Amir Homayoon Rezaeian*, Ali Sadouni’, Ahmad Moheb?
1. Chemistry & Chemical Engineering Technical Center, Academic center for Education, Culture and Research (ACECR), Isfahan university

of Technology branch, Isfahan, Iran

2. Faculty of Chemical Engineering, Isfahan University of Technology, Isfahan, Iran

3. Department of Mining and Metallurgical Engineering, Yazd University, Yazd, Iran

4. Head of Health, Safety, Environment and Passive Defense, Hormozgan Province Gas Company, Bandar Abbas, Iran

5. Safety Expert, Hormozgan Province Gas Company, Bandar Abbas, Iran
haghshenas@iut.ac.ir
DOI: 10.22078/pr.2024.5039.3250

Received: February/20/2023

Introduction

Numerous studies have been conducted on various
types of odorants, methods of gas odorization [1-
2], odorizing equipment, the chemical structure of
odorants, and the optimization and automation of
odorizing equipment [3-4]. However, there has been
limited research on the distribution and dispersion
of odorants within the pipeline. A review of existing
studies shows that there has been little research on
modeling and optimizing odorant injection conditions
at City Gas Station (CGS). Another challenge is the
varying operational conditions at different stations
in terms of capacity at different times. Therefore, the
results of published research cannot be used to evaluate
the performance of a specific station in Iran. This study
aims to examine the key parameters that influence the
distribution of injected odorant in gas pipelines. The
goal is to identify the causes of incomplete odorant
distribution in the gas pipeline at the Imam Hossein
station in Bandar Abbas and to propose practical
solutions to address this issue.

As mentioned, to evaluate the models used, empirical
measurements of odorant were conducted at the CGS
Imam Hossein station in Bandar Abbas. Consequently,
the modeling conditions and the scope of the solution
precisely match the conditions at this station, and the

Accepted: January/08/2024

results of the model can be used to optimize injection
conditions at the station. Currently, many CGS stations
in the country use injection systems for natural gas
odorization, and many of these systems lack automatic
control and are usually manually adjusted by operators.
As aresult, at certain times of the day or in some areas,
the gas odor is more pronounced due to over-injection
of odorant, causing problems.

The findings of this study can be used to optimize
industrial odorant injection systems, ensuring more
uniform odorant distribution in the pipeline and
preventing excess odorant consumption. In this article,
after presenting the odorant measurement method,
the governing equations for Computational Fluid
Dynamics (CFD) analysis are provided, followed by
an interpretation of the modeling results. The modeling
was carried out under various injection conditions
and station capacities at different temperatures and
pressures, and finally, solutions for optimizing system
performance are proposed.

Materials and Methods
CFD Modeling of Odorant Distribution in a Pipeline

In this study, COMSOL software was used to model the
distribution of odorant in natural gas. As mentioned,
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the computational geometry includes 1000 meters of
the gas transmission pipeline. To analyze turbulent
fluid flow along with mass transfer, the Turbulent Flow
and Mass Transport modules were used. The flow was
modeled as unsteady. The computational geometry
was meshed using 840,000 tetrahedral elements, and
due to the significant length of the pipeline relative
to its diameter, the precise structure of the cells is not
specified, and a detailed geometry of the mesh is not
provided.

The following assumptions were made for the flow
modeling:

The odorant flow is considered a gas phase, and the
governing equations are treated as single-phase [5].

A no-slip condition is assumed for the pipeline walls.

The inner surface of the pipeline wall is smooth.

The odorant does not react with natural gas [6].
Differences in elevation and changes in the pipeline
direction are neglected.

The governing equations include mass transfer
equations, continuity, and momentum equations, along
with equations related to turbulent flow. One of the
main challenges in modeling is to determine the inlet
velocity into the pipeline. The gas flow continuously
enters the pipeline, whereas the odorant is injected into
the pipeline in a pulsating manner by the pump [7-8].
Therefore, for the odorant inlet, a pulsating function
was defined according to Fig. 1. In this figure, the
parameters lj and tj represent the distance between
peaks and the injection time in seconds, respectively,
and must be defined at the start of each modeling
process based on the operational conditions of the
pipeline.

[ |
|

Pulse fraction

©

| |
|

o At 1 T " x s
0 S 10 15 20 25 30 3% 40 45 O % 60
Time (s)

Fig. 1 Inlet pulse of odorant.

Results and Discussion

Consideringthatthe experimental odorantmeasurement
data pertains to June 2021, the prevailing conditions
of the system at that time were used in the modeling.
Observations at the station indicated that in June 2021,
the injection pump was set to perform 27 injections
per minute. The station's actual capacity was typically
30% of its nominal capacity, equivalent to 7000 m?/

hr, with a system pressure of 250 psi. Therefore, the
modeling conditions were based on these parameters.
The results of each modeling simulation include the
distribution of odorant concentration at different
times and locations along the pipeline. This allows for
determining the exact distance at which the odorant
reaches a uniform concentration and distribution,
as well as the final concentration of the odorant. To
identify the distance from the injection point where the
odorant concentration becomes uniformly distributed
in the pipeline, the odorant distribution must be shown
at various lengths of the pipeline. Given the substantial
length of the pipeline, which is 1000 meters, the
odorant distribution is illustrated at several sections,
as shown in Fig. 2.
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Fig. 2 Odorant distribution in the pipeline.

According to Figure 2, it is evident that at the begin-
ning of the pipeline, close to the injection point, the
odorant is introduced and dispersed in gas phase clus-
ters. As the distance from the beginning of the pipeline
increases, due to the diffusion of the odorant in the nat-
ural gas, the concentration along the pipeline becomes
more uniform. For instance, at a distance of approxi-
mately 160 meters from the start of the pipeline, the in-
jected odorant concentration becomes nearly constant.

Conclusions

The main objective of this study is to analyze the
distribution of odorant in a pipeline. To achieve
this, a computational geometry model consisting of
one kilometer of pipeline was simulated using CFD
analysis with COMSOL software and the finite element
method under various conditions. The model used can
accurately control all the injection parameters of the
odorant pump, including gas velocity, injected odorant
concentration, injection time, injection volume,
number of pulses, and the interval between injections.
Initially, the current conditions at the station were
modeled, and the concentration predicted by the model
was compared with the experimental measurements
taken at the station. It was confirmed that the model's



results are reliable. The modeling results, reflecting
the current operational conditions, indicated that at a
distance of approximately 200 meters from the start
of the pipeline, the odorant concentration stabilizes.
However, when the station operates at a capacity
of 7000 m?hr, the amount of odorant consumed
is excessive. According to the modeling results, it
was found out that reducing the injection volume
from 200 mm?® to 100 mm?® still maintains the output
concentration within standard limits while preventing
the excessive consumption of odorant.
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