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Improving Optical Quality of Poly methyl methacrylate Sheet by Forming with Rubber
M. Rezaei K. Hasanpour

Abstract Poly methyl methacrylate (PMMA) is one of the transparent polymers prevalently formed
through thermoforming process. One of the important factors in this production is its optical quality.
Using finite element simulation is very important to this aim. In this paper, PMMA thermoforming
process is simulated using elastic-plastic model and accuracy of the resultsis verified by comparison with
that of experimental data optained from tests. Then, thickness distribution and final shear strain are
controlled by forming with rubber and a product with appropriate properties and quality is obtained. By
choosing rubber with properties similar to the sheet, the rubber effects on sheet can be prevented.

Key Words Poly Methyl Meth Acrylate; Thermoforming; Simulation; Optical properties; Rubber.
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Numerical Simulation of the Effects of Sinusoidal Pulsed Impinging Jet on Heat Transfer
from the Concave Cylindrical Surface

A. Hajimohammadi M. Rajabi Zargarabadi

Abstract In this study, the numerical analysis of turbulent flow and heat transfer of oscillating
impinging circular jet on concave cylindrical surface has been investigated. In this way, the averaged
Navier-Stocks equations for turbulent incompressible flow in an unsteady state with RNG k-¢ turbulent
model and in 3D computational space were solved. The effects of oscillation frequency, amplitude of
oscillation and Reynolds number on Time-averaged Nusselt number Distribution in concave surface were
studied. The obtained results show that applying the pulsating jet in the range of 50 to 200 Hz can
increasing heat transfer from concave surface in comparison with the steady jet. Furthermore, increasing
Re number from 10000 to 40000 and amplitude of oscillation from 0.4 to 1, leads to the increase of time-
averaged Nusselt number.

Key Words Turbulent flow; Sinusoidal Waveform; Impinging Pulsated Jet; Nusselt number;
Concave Surface

DOI: 10.22067/fum-mech.v29i1.59499 ..t . aVV/Ya o 50 ol 5 AOVIYY Wlie il K
Ol o (Sl pdige 3088551 ) el )8 (V)
rajabi@semnan.ac.ir .ol o8l (Kol wdige 845550 GLalial 1 stae sty 5(Y)



IT‘"{T‘& ;JW‘M'J%JL*

;@'L(ajaf“@ﬂ.abujtg;jjgfjb L it

Jlw 3.l S SolS @l = Jlsl e o il il
) SLS B e el 2] OLKes 5 L 1444
Sl b (esls 8 ol a4 Ol g & 2 Ol
DR o 205m Gmsd Glas S5 0 S S
Sl e Yo 8 S wsls LS el sty
Teosgd 5 LG8 5 gl /0 L oYY ()8 IS
3] 2 5 eSS YooY o 5 S e W) s 5 oa
Slmss ka3 |y Ol gin gt (3,55 4 or
slazel y3 1y (sloy s b b G LT s S anlllas
A5 LS edalie 5 3 S oy 2 DU SO 508 e
5l Al Sl ey LS oy 5 bl
sl

on 4] UL 5 g Yoot dl 5o
e bl Ko a4 (52,55 BSOS S (g2l
550 e Aol w30 Ol i Lol sl
o3l RSM 5 K-gdde 53 5l S L s 1) cor
sdalin yizman g io RSM Jie i35 45 s S
C))'.,\_Jﬁ)wjmf): Sl Jml i s S
A e

e 5] OLLKan 5 opd Yovo Sl 5
i Ll o5 S i, Sl o
oo Aol Gl sde 3 LT sl plsl s
Slos eomen s b o Aol o) din U
I R P Sl v G W I ST
ool S 1 (T3 To) 51 edeal 055 Jizes LT sl
o 6] Ol s 5 HaS g3 YT dls s s S
sl 5 (oo ol o JUH (S5 1 o
Shrsd S oin ) amio S5 s Ol
Gl sue Lo gt 48 di S amt Ll L datls
Al s cabsae 51 i sl Slas oL
O a5 ooyl - JUl oo ol LG
S Lo ilS 53 03 gudme Olos gl Gl o 3
ol S LG o S o

PRV

Sap S 53 f5e s A Bl gla iy 51 S
i Sl Ll s olaks (6,8 S (6l
Dls Jdsan o) 5 sl il o 62555
3ok 4z 532,550 YU ol Ll & 5 00
poase Josl b syl 5o Lila 3515 Olaioes
L e 5 30 5 s 2 Jlw S a5 L6
ol s Seelossds S AY S LSS
Olimr Rl 580 53 (ot 55 1B 55t 2055 1 e
Shad el fol st se 5 Dl p o Jlil
oo Sle m LSSCH s 0,5 gl
53 Bl athde o)l 55 (S S Dlalas (g5
5 OR sl s plie 5 sl mls
3y gn o3l JES 03,5 St 5 s as S
e sl (355 L 0 S
S s ) A s S s by e
2525 5% o b ) e ol el 5B
338 e )5 SU s e fs sl L
AL e S sl

du:u_a Ql_.i;»‘_rl.:.?:;.k_’.:» LSl—"‘w-“)f.
Jlss o LL el s 0,55 o L8
b oo ol Gl sde oo 5,0 O Al
S dsly s e s Sl )5 e
S o Sl o Aol 5 o sl (g3, 55
o Il sl sl et sladle s ol
S slaser Sleo s ol Sl 3057 Lo
T S5t dils e Ula g cnl 3 5 e eslind
Sllae il s Lo LS 355 e s
bl aa pl 53 (225 5 Sode D) yoa (S5 5dms
NGV IR Wi

b e 1] Oas 5 wpr 187 L s
el s dmdo a4 Ll (2,550 Cr 2, S

53 Jeele e 1 S s e il ol .sls

A



SIS s Ogo —(Seborms =l o

(§3 57 S JL.«‘,;'LJ&’ e sileac

G 30 13 s 3550 355 a5 Sl
G bS5 il aS s e 0L 6T Gt
Rl A e S g sde I Sl
P Y ol RO JE (B e
i 5 o Aol [2alS Ll o b oacslie s
YU VTGN W N WV S ) i | S
Dy 2057

o J13] OLLSen 5 55 Lslend Yo 0 Jl s
S ol Jlasl 5 0L o Ole (ods o
JQJ\JQLiJL@JT.M\:ﬁCLAQgLA}Jngfﬁ
Ol Ul als Cel (63,55 5 Cr Ol g oS
JJQ)lFJl}i\'C)juiibéUg;q-:)j}ﬁ b
Aol Sl oomen 558 0 o)l s S a U
Sl JLES! o Ol b s, e ALl
b o S
Jdos 14] OLLSn 5 5 pdame YO Jl 3o
Q,:MTQ)\RJL.E;}\)Q[_iﬁésu
;\L«_;T.,U:lsfbdfincbu«{bdll,wy'&:));'-ﬁ
JLasl 5 0L r = g 5 ren $ba Ol s
a5 ol S G ksl Ol -
(Slws S 3 oS Wnls DL 5 dis S ey ynde
sde Loy bagme Jhlsdl el LSS 5 a3l
ol sy s e UL e L lie s b
T Sl ol Jlisl 70 s e 55 0
133 e gt S S n 0

U a0, V0] s s b YT JL s
Sl alr ool Jml e Bl bl
)gqi.x>;c‘)\‘)g@adna\f,ﬂ\ﬁa@c@
Jlasl S sl 0L Shasinr Slowle slias
ol 4 e slade>de LG Jsba S e
Sadp 35 p a3 Sl sde Aty e

o 4 [16] Oan 5 L5 & Y1 L s
S Sl o 0L 5 sl JWE sous

thzg\wmgm.muﬁ,@cby

AU 7] S5 an 5 padla YooV Jlw
a6 o, 5 S 0L 0o a0k s
Sdrsn Slawds 55 0L = bl 5 ol >~ Jlil
0SU S slaauls 5 (uilS 3 Dl udd (s S oy
23 A S a5 IS S ey Al b |
Ll )55 neS ol sb sl Y sla 8 3
) Slm LS Bl b e SRl o)~
sl 0 s SEE/Y Jlag xul sde s S

il 8] Ol SKan 5 s YorA Jlw s
23 lels gLl o i), SL s ) 22
il s LT . ausls plasil e dmio ooyt
b b G g o Hols Gulgn e 3G o
Slsn slos 5 s bl dazr (g Aol ada
ot LAsbisde s | bl 3505
Glwls 53 53 Slulsie a5 Lel asls 13
S am 82909 Sl lane glales )3 (g s
O] BlSKan 5 a5 Yeed Jlo isls 451,
S O 5 LL e cdulsue 1) gl lis
ol ol sl ¢L>.r..i‘ G awdia gl gl
05w il oy S 50 4y ool Glamdpe 5o 1)
S L 0L oS i 8w gl s S (6 S50l
e b S e Sl dlEl (Gl g
e

DT OS5 S ehssb Yoy Jle s
e ol Uil 5 0L > gods s
DLa L ool dakin o seme Gl (63,55
Lgie a0 S sdaline Ll istls <ol 5ol >~
i 5l 5L Aol il b cdal sae Sl
il L s el a8l o, 5t
Sl al il 58l ol el Ola g ulS 3

ol Jdow 4 DY NV] O 5 sy des
g & Slasi $3,55 ol Lo o)l Jl
o Aol (o s, Sl LT sl ads

4



IT‘"{T‘& ;JW‘M'J%JL*

;@'L(ajaf“@ﬂ.abujtg;jjgfjb L it

e Al e odalie LB (V) ISSS 5y ks
S5 55 i o 53 e i (55,0 a3
el ol 3y iules (1)
Gl San Jdou ol 3 eddan § by Lol 2
b, s Ol 0 e 0L > (93505 5 S ol
sdee L cmalite O lide 6 (e o (8355 S50
e 3 s el sds a § L s 5
(5 Tl 0t (B (g g g0 Dy oty S
Sl gl (Uie) S (2 3 edddlesl o

1ol ;Q"J,Jﬁ) LY g{""}"?‘"q’}

)

Ujet = Uaye + Allgye Sin(2mft)

T 0> Sl 0l iy S0k S Uy oS
S Cl Glaj am B e S Jil Aas oo s
S ol Glayas by £3° 4o 9 Ui Uavg
S S s sbas s S nl Sl Mol
o 8255 Gl sles [18] 553 oo 0dusl S
55 5slS YAANO iy cams les il L
Lo (65555 53 (Saidl il 5 ol 0l 43 S
a5l oman (Cul ol Bl Us 3 0 Ll
S 3l e gl ls Lacr wlaie e oSy
3o 5 5l s ade dwbe gl Slins e (Sssds

CM\::MJAJBL&CA?JEBJJ\J;‘&.,ML

_ PUavedn
M

Re ™)

9 ™)

Nu = J
T

(gl S s oS S Fan ik oS
wlos 53 o 4 o505 gl S 5 a3
eaman LSl e (Tie =YAAVOK) - IS YAA/N O
ok ol 5 w5l cl [ Sgodes s dy

NG|

DL gl dwstls e o B 50 5,55 2 Ahols
5 5L, SST-SAS Jis 5 =g LES Jus a5 Lisls
bj_a}.acla_ﬂ;\ Sy 4 S Ol > !
S o
3 G Gl Sl W Sl G o
S5 Dl JLEE 5 0L o a2
Sll sl jrde dmio p Gl G215 G205 2
Sl Ll 0L sileand il Tl ol sl ol
3l el Il [8] (@f dwdka) (Gdmdw iwlia
A3 2050 [ITINN Sl e 158 5
= GiL:JLJ.LQM @Ld Colg,s ol 4 S
bi Jlasl  ghataay ol ol i sLel 3 g 0
LS e (2,5 S Sl Sl P 200
BB Il 5 e ol a8 C OLjay Sloals
U s el 4 adlas cpl s ol sl
Ol s Olon s &aals 5 Ol WS 5 Gl 3s

ool g awdn
oy phaie o b oS5 51 pled (1) IS 5
o313 OLES Ea sy ol 5o andllansge paie ks
gw\d\ﬁﬂ\vﬁit}ﬁ@w?ﬁw.whm
S kSl bl 5 e e Ve S
0r Ll L oo dmio 55 Ay oS AL o ()
o by e Job L) e e YO 5 e
s dllae oy cnl e ey slaal (555
Do 8] OLLSn 5 s g sa ol
ol od o33 513 bl s 5 3 Sledi K
YL Co v o) e Bl )l 5l amis ol
S8 5 0 sy ) e 5 (s 2 b
idlas plas LS o (6,8 sl e 65l 55 S
sV e S e l 22 5 JSB (8]
;@\Qwﬁ.w\aumﬁﬁjsﬂdpm




LS s O s —(Seboms = o

P L JL'W_}.JJ;[J e (il

VSl’. Y ales

RET I R T P R P YR E P
I ol ot a8 S i oSls 8 5 5SS
2IbeS S s Jleunl 5LS Ll 5 b lpa 55 sl
Al

O lp 55 5 e se N gy Vs le
Sl ol Ol 3 e (6 S daw gme Sloslazaally azasl
el 2R sS
e sl Joles

dp  9(puy) _ (0)
E + aXi =0

ip e se sliy Aolas

) | a(pu) 9P
at ox  0x

A A
ax] # ax] Bxl- pulu]

Ll ol Sassp 28 daly po 8

QY

—_ ou; 0y 2
—pu, U = p, (a—xj+a—xi>—§6ijpk ™)
8551 Sl Dles
AoCyT) | AoC,TT) _
ot _ aXi (/\)
a oT —
6_x1<k6_xl_ pCpuiT )

G OVYslas 4y a5 ol Slse RANS Yslas
5 A o GYslae ed 3 5 550 e S
sl 0z Jlasl LT Ol sty j3 53 &=
55 19] S350 5 &5l o SRNG keg Jote
WJde ol sl S5 3 .ol s &151149) JLa
Lol e Lol = o 5 8l slacl > 1))
S s HAS Bl 53 Je ol ol i
[20-22] das s syl keg sls e plo 4 o

s550 e ;3 RNG Juis ol ;S5 S5 4 ax 5L

4A
dy=2=d &)
O slael 5 3,55 5 i o 4 ol S3 0LLE

ol Jlasl 00 ow/m® L ol el ol > s
SIS 55l 5 oLl lasl s promes ool
e sy el 4 S i ps SLLsT e
ou_J‘a.\_o L, sl Slealoee 55 500 slae )l 5s
ol o eslaul
A o s Ol s 03 e
J_.»J)Lq.ol L;)'JAL_“.\];: ol 8 E d;.éJfJJa'J):)Li.é
Slds 5 e 2555 Glos dhe il Slaslws s
bl b e SLas 5 el Jlesl S0l L
Sl 5 [8] OLLSes 5 oot AT
ol Lzl [13-15] dis Kb a0 by o (200

sl

N
silws |
. A .’:
1, /| I
7 S|
/ ]
< ! =4
~p
e /| £
@ B
=
wi
) C'*'l—' 3305 0 s alazd
| (T ]
¥
100mm
-

S bl 5 e Ol awis VIS

I 550y sl S 5 (Sl (St izmen
b S s o IS YAAN O (gles 5 ened] HLEd o
slbes 4 J)L<>- Gl gy e el (gl ol ol
I s C W gl ol ol (i 25 (9355
Bl o 53,50 4 da 3 () UL b
s s S B 5 illas (50) 4l Aot o
u=v=w=0, p=p,, . T=T,,, k=e=0, :co|

AR



H"‘?'l“_ﬁ SJL«J‘/,.F'}WJL«

&'&J)Lf"pbujd:jg[fﬂ,& 4l

SO PRI WL QRN ER [ JE
3C 0L sl 2 S A5 L Gy (852
ol Jiasl i (53355 4 Ul e 4 03,5 LS
03 RNG k-g Jus 3l oslanad 4 az 5L cpiomen .ol
22 0l sl s ilwand gl o ahs
Jile o 5) a3l e 53 w5 3l el s S5
sl (a8 g 5515 )5 b (sl Vs 5 st
e 4 S Gl o, ge ol gl sl
Jsb ples 53 Y )5 0 fmin ) e Ok ahols
UK Gllas [23-27] A3l ) 5l 5o S jmde 65055
(SAaS s Sl s 4 phcs ) haeas (1)
Tlie b el il il al e a3 a5 3l
LS cnlgn L dl o cdubiode o558
ol s Ll 08,747 Slowlee slad sl sluss

NG|
| Lt I,Jl
e
."“‘.., L
N £
S
< ,__
e e
Ob 2 2o sdome (gloaSd Sl ¥ K
™
ll ‘\
w £, 0N T 299500
F o — - — = 462560
120 7NN = 542396
SR —— 660976
100 § "=
= Ny
= NN
Z| 0 N
N
ot .
A
401 e
=
20 1
-1 1 3 5 5
S/d

Clbsde mis Sl b T K
(Y/d=2, Re=23000)

b =633 5 = eks b a0l o 5l s
LJJ_A L)—-i‘ DL bed 45\)‘ J‘)\Jul:.«ﬂ‘ J.Ld ‘U w
DL k;_w\ ol C}k«ﬂ\ (8) J)’\;w\ CJJ JUJ;\ :\Jbt&a

Sl 5 JKS e sk OVslee (Jie ol

1(k) dsles
0 k 0 Uk) =
E(P )+ a—X](P ik) =
p CY)
) P NS
0%; [( +0k)6xj]+ k~PE

(e) dsles

0 a a K\ O€
ﬁ(ps)”—&(pu‘s)_a_&[(“o_s)a_&] 0

€
5 CerPic = C'ezpe)
(G dlaly 3 &S
Coz =Cea + :

1
5 S =(28;S;)?

Jae gl sl S5 OVslas 55 54 40 ol

k-g Jas o oides ool oV Jgdr

Cu Csl Csz Ok O¢ To B

v/rAELO VAAY | VAN | VAL VAL | E/YA | /Y

$38 J By g (Flwlw 102

Sl 8 51 IS Ll () S
el s el QLS Gy ol 3 e3litals o
4 0l Bapdoms 50 o 0> S 50 &S 5b0kes
aBlolesln 5 B b Gt S S
ol (g3lwdds e .l ol 4 S L ys
Sy g aSd glad sl ol s 5sles O
Gl 03 A (SIS s el S, 0 dmie
A a gl pomen Ol e S en gy bl a U

Shedmas 3lwdids 6l 2550 sla Sy

YY



SIS s Ogo —(Seborms =l o

(§3 57 S JL.«‘,;'LJ&’ e sileac

L ol G 53 el oz Sl sde w55
sl ;o LU Gl o [8] g o 2 slresls
53 b e ilie ((0) K s ilass S 13
o Ll oo p i gl s TV Sl o0
3 il hglie ol o 0315 LIS jade pedan
L gte e oS Aas e OLES o a0 glaesls b
2L Jsd BB cilhe Jowe clulisae Sl

3,05 [8] & g dndlae 5l edel Cewsay

50
Sinusoidal Wave
3 Pulsed-Experimental
40
¢ = =0-- Pulsed-RNG k-&
Model
30 1 N
50 o]
; N
=} Ao _e
220 0-08 0'8-5-8..(‘,_5 5
88-00 50
Re
10T Re=5500
f=41 Hz
0
0 2 4 6 8 10

X/B
&ﬁé‘@ugwa;xhﬁyLﬁ.w iJ,(_:

[28] csv imiw

Experimental

--------- RNG k-¢ Model

20RE=23000

0 1 2 3 4 5 6 7

S/d
[8] e dmio Ll o 2 ol b ol s dglis 0 02

Jdos oy s
Ol (V) UK s oS sboles Jullsy, sue il
Vo,one Sl sadsyy sde J2all ool s esls
Ol e ol > JLanl ity sl cacw br,vve as

ausdj‘})wdt_wb).))fﬁw)JwM

5 il i g go Gladbslas (§3luatnS (5

Silmlzme sy 5 SSE A s ) 65 -
Sl 5 LS Ol BLSSI 5 o ealinal p g5 45 e
Glise Clodd 1,5 5 e o5 5 SN G b
48 A3l o oo 8L L Olps Ll ol Sos
e sl LIS s 51T L el s
s 1T (et VT S (50 ) bl
Il oy o (8l G ol 3 ol 0 a3 S
Yoo ¥e e ggu}%ﬁ‘gb;ﬂf;l@u
s fl_fuj_ﬁz oleaw MMJ’L‘) (alf

IR
2201 ‘101

[18] 01,3 Slisios 5 bl Gads ol dlis
N l;,ad_il,iw/ o g J 235 s (S

Ol g a8 35 Lol L3 b (g3loaned oo

ol s Jlasl Gl S gl 5

slaas o 5o pm 58 L L 5 0L > slaolies
L LS OLSS soa s
2383 5 s saesls s pde e S
alllas nde o sy (62,55 1 Gl S o) 50
S5 0 Lk Car SO s B Slesliall Sl
Imio SGa Slas o Sy rde s 4
S P ot el 0l e Lol S
slaels U bl i s ods] Gz b
sl S 3 [28] O e 5 e Sl o 2
byl s el Jj's‘u.p"y Alas S 15 s lies ) ge
L Goldas aey ol 5o 835 5 Jo dls (55
L gza o(8) S5 A3l [29] O Ken 5 55 Godows
st JAS B s e clubisae Sleg
Tl @ S 5 Gl Sl 000 5,
slresls L ade mls dslie a0 Ol o5
sde Slaj lawgie o s aS das e 0L o o
sdoal Gzt i b 5 BB e e L

2 2,15 [28] G509 s «Jﬁ"w aallae

Yy



IT"‘H‘& JJL«J‘/,.P‘JWJLJ

&'L(AJJL;[,MBMJL;;XJK/»}L& L it

180
S Sinusoidal Re=10000
160+ 7 /7 NN, 0 ==--- Sinusoidal Re=23000
o /' \\‘\, — - — - = Sinusoidal Re=40000
140 ¢ . D _ Steady Re =10000

120 +

Nuav g
o0
(=]

Steady Re =23000
Steady Re=40000

ol sde Sl v gte 155 550 ade T IS

Sd)}ﬁél}db‘jlm

Sl e Gl b ste a5 (V) IS

S S 80ken Aas e LS 1y (5 9mee slial s
Sl s 53 Ol 5o Ol s bl b3 sl s 0
Caimly 5 2,5 4kl Sl s (s el
sl ol JUE) s S Sl el Ol
Bhd o5 5 5 2055 5 ARE 53 Grames (ol
sles b s =F e oS (I<Y/d<3) 5, 45
5 gn edalie o 51 ) 5 Ll sas
LU el Ot 5 g Sl L oS (led Sy

Dy o s Sl s

180
- Sinusiodal Wave _
160 + - - _ ~<
=T = -
-7 ~N Se — - - e \\ ~
140 + - N
\ v

bo--en -- Sinusiodal Re=10000  ™=zzeel___
"""""""" — Sinusiodal Re=23000
40 1 —_—— Sinusiodal Re=40000

.................. Steady Re=10000

Steady Re=23000 A=0.8

— — — - Steady Re=40000 f=100Hz

0 1 2 3 4

Y/d
;LwUJVw@bjkmﬂ@)jﬁj.ﬂﬁ)z&;\ v s
Y oo bl e

sdalle L o b Slw s Cor Al 3
AalS (OS5 ddal) 5,55 5 dkad 55 oS 55
L aS 55 e etalin il e 5 ol JUis
e Gl Syl Sl s Al
AV s g Gl als l &S g b
Al e IYY sgds s by Sy gl 3 Y
oA 0L o Sy 03 50 0 o dalln (rizees
5ol Jml s g i Al el s sae
ol ol s ssd e cdl sae Sl Lo sz
ot S Gl o (SaisT s 00 VG
sde 4 S Jls s o ol 2l ol 3 UL
e lawgie s AL B S VY e g
3o mi s Gramed o Glast S gl dalisue
S So shils (o il s Ll e 2l
e oalS L oS cd b s ol A3l s e
Ll b s GlaceS o v as 5]
Loawslioyy Slas ol s 9355 el sdalio
sl sdalie 63U Lo, 2als SV slasd gy
by el JBlas I [8] Oes 5 &g
bl es o dlw &l 1) jads i 6l 0 2555 5
[30] 5t 5 25 L 5 000 Jlw &L il
5505 Gl S S s W o dalllas
bvge Co e Tl sl sdalive nie dmis L
555 S el ol Ly b ol s Jl
J8 o Sl Gade Ao gloml i s
o3y b bl S o A as 5 0L
etiee 3555 5 5l Al 35l e 35 5 b
et 5 ES p (558 o pade dmdo 4 o 0L
Db e 355 g a3 Clllsae falS Con
o &b e 51V ey w5l a0e ST L
Sl sy e 5 B 3L 0 g e S e 0

Sl sy e adad s




LS s O s —(Seboms = o

P L JL'W_}JJ:J[J e (il

sdalin (A) S 55 aS a0 S0lan .l 5558
sl odalive Laals S Ve v ve gy (ol s e
sedd Sl Laasls S sud e, Jalil 5 el
ails Lgffrma- iy 5ol s sliel 4 s

RGI

L (A) Ol s il 31 Q) S8 Ol s diols il
Aas e 0L e clulbisae Sl b gte
s adsbisie Sl bwsme ((Q) S5 e 5L
slael ;3 5 b o als wals Al 3I6 )55 5 a>U
Er FSon s S8 A S LSS e sl amio
ol b sie Lo gte 4y 5 ooyl > Jlis
O S sl VL Al b bl b
3555 A s Slal sae 5wl 5l o) JU
sdaliine (1) IS 53 oS 4 S0lan 3,0l 5 5 g
03 M Sl ) 5 /A Ol Aals 93 s e
sds A LSS5 S Shd s Sl L, 5 s
Ol 3 Al 13 Sl 0155 or a2 50503
Ol 5o (Sai sl glaals S s 58,5 s
LY Cinds iy Sl s LYl s 5 55 0
JLasl Sl o se ol &S 505 (53 15 s34

J}JJ& Q)\f

140

Sinusoidal Wave

Ll sas Gl bawsie 35 Olos s 14 IS

Sd)}méb\)ém

ﬁuiwwdjj‘du)ﬂlf(/\) e s
23 g Sl S 8l Ol bshst ol aaa
Gl soy 5 /A Olwg dwls (5 a Ve L0 5

Wl s el ol 112005 Ol s el

Ol L s ss e eis (W) Ko 55 &S 48 0lan

AL e bl sy Jae (655 3,

t/1=0.5 v s,

th=0.5 YT+ v e 5040,

268

t/1=0.5 Lovrw g0,

Co il i 955 -0k o bk 558 A SS

VerHz G55 50/A Ol duls #7105 jlasi g3, 55 5

aJ_WJ&.;J L;Lmu.\zjf R\Pg ool Bl oman

3 PSS mde o b Slag oy A




!V‘IT;&{,M‘MJWLJLA &&JJ@“@M}&J/JK'A_}L&%&,«L

S G 5 odd iy a5l JUis) bt g5 Ol &y IOV S35
Ll a3 S s ol o3ls QLY () 5ee hiwly Hs Ll s
Loals il 355 e sl K2 4 a3 Lo
Al e LS 5, dlaE s Clul sde Ol g
Syt i 5l B, S Al ol e
S L s il Ll s (14 <2< 26)
SalS b i G< 14, 3> 26) 1ty
sdee i Y B/ gaals oIl oomen AL e
ooty 2l sl el sl 2alS e L
agiggu@u,wumﬁwwﬁ@&
Coly (6 e slktel ;3 Ol g Euals gl 3l &S
S UL S dglies s e ol J 2l
Clulsde baugie Jldie S 555 e sdaline Sluy
e s Jom s s i s Sl i o
55 S e 3 5 by LS Ll s
Sl sie bw e Hlide 5, 5 dad syl

Sy G Ll b 4 s

Temperature . IK
t/1=0.25 Olej ,5 +/¢ Olus awls (&

130

125 £
120 +
115 +
110 £
105

Nuav, g

100 +
95 £.4

90 1
gs b f=50Hz R
80

0 1 2 3 4

Temperature K] G W T L;'L‘) .]a..,v):,a C:_))S » uLwy Lals JJ‘ Vo Jﬁ.&
t/1=0.25 Olej 5 /A Olu g uls (C V e Sl
S s Ll I s )5 e sles sy S VYIS

V1=025 0l s s ‘ o o .
v 0w s dals s S1ONY) s

sLLcor S gl o Cb..edu;éu)}:;ls
DsbOles .l sls QLA /A 50 /8 Bl b o g

Ol ials Sl s e stalie (S5 s S

S i SOY) K Ol il 5 b
2 aS C 0151 (Sbs b das e 0L

¥



SIS s Ogo —(Seborms =l o

(§3 57 S u'L.«f'jjﬁ” e sileac

120
100

20180 A

g

Z | 60
40 +
20 Re=23000

-1 1 3 5 7

Cdulsae Sl Ja.wj;;»@)jﬁol.ﬂjj oS Y K
Sd)}»él&.ﬂbil;m

125

120 + Sinusoidal Wave
15 +
110 +
105 +

)
2100 + 5
= .

Z o5 3

90 +

Re=23000

—_—— f=50Hz
85 1

80

0 1 2 3 4
Y/d
Sl s o b ste w55 Ol IS5 51 VY IS

Y o sl Joe

;u@jjﬂbu)iwdgjé];t(\v)t}@

sl sl esls ALy slaal s e b
)ML}M@J}S)}-&WQMWASJ#QM
‘J—’Lﬁﬁ&&))}}flﬁ))lﬁmbw‘)}wu
(14 <3<26) 5,55 » ks 5l 53,5 bl b s
Ol i 0 0 L 5 b e T8 b sae
GalS b Jlie G < 14, £>2.6) 5,55 dais
)‘ C,_w.))j.) DL Julsj.%ﬂc.*;)}?u Sl DL J\JLL&
Lo o il gla LSS 5y Sl
VLIS IYGINE P2CIVY [ W PRGN WU S P
S Ja g el sl (Saadl 2 5l Ll S e
)bc)}\_ﬁfud&bédﬁi&f\j}cﬁl);&ls}é
oldd laand pl 55 oo Cdulsie Jlog b st

Sl sde b st 53 Gl R 0l gla WS
sde Lo gia Olpe il 5 il 5ol L Lal o 55 sl oy
Al e il ol TS| Ay 5 s L
ol Sles 536 S s ol 5 a8 B Al L
Sl 5 B ol 5 o el e 5 s
b pmaitons DU (ST Oljn 25500 O iy
ol Jlasl OF Jalsl L syl o) > Jlas]
U s B el ol 3 5 e o 2153
S o A5 S5 (55 0 slaaY 0L Seisl
S8 amio 555 S50 BV AL e rde o
Uil pln 1y maslie 5 AS oo Jos Ble 5l o5
PSS S Y pl s A8 sl Ol -
L e ol JLil 05 el Sekint
slaaN 03 5 s 3L - o83 il s g sl
L1 ol Jaml Ol 0L 2 035 ksl 5 650
s e OLES gl e s oo el (3500
sdee Glas bagio w3 p Olugs 83 b s
als 15 U0 baglinys g g0 Sl 2ol
AL S el b
03,5 Slus Lisgd peedalin (VY) IS5 s
bt 5> Sdabsde baw e (I3 SR 5 Ok
axrlpe Sl LLL e b w cas 555
o885 ol g5 0 L S e ss 5 s
53 dbsie B e 1580 el 3, 2 Jos
[B1] 0Ll 5 ATy 550 0 Sd 53 (50
S, akt s clul sue fals o Slidss s
> alabsae sl 5 Ol o 0as Slag b
A0S edalis [ LG Cor o s 0L 2 s
AT GlS B gl a5 dkE s s
O o Cwnpmly 53 &8 Shse 50 LAL o TG Ll

Sy e el sde Loy Jamgze VY il el

Yv



IT‘"{'I‘& ;JL“"':‘/"P'JC“"‘”:‘T"JL‘

;@'L(ajaf“@ﬂ.abujcg;jjgfjb L it

A Cand Sl sle Sl (6 e sl Cgm o

Aas e QLS 700 s s Al Ll e

Ol s &uls A

Sl G5 L S0 L2

s Olug o085 f
w/m® (ol ol q”’
MMy 5 55 dmin s D
mmes g 5 d=io Jsb L
mmce alas s d
Kles T

Kibaos gbs T,

Kz sles Tiet

Kejlgs > T,

Pa. ol jLis P
Pacdases SSkul JL3 P,
mmleses p

MM pade v (g 5; Lol s
Sosee Sl y

SO t

m/scCs U

m/Scla 25,2 o
m/sclaw g o

mme SJ g 0 b dy
Nm/kgkeosli jlas jsens sbS
wimk. ;b S Colas o o k

Jla s ol sae St

355348 Re
Ll sae Nu
clabsue Slug bwge Nug,

J'SLfc Uﬁ&\f‘));}f&lﬂ.@): a}:)‘\{

& S 4o

Uizl 5 0L = (ol gleand (s iy axdlas o
oSS 4 Slas s, Ol il ol -
N o o= 03 el 4 S 13 25 5e 2k
VMO glos L (o i Sl b (52055 2 Sox
B VDI P WP I
SbLsl Laylgs 3L 5ol Jlesl 2l 5ol >
Sl by andllas ool 53 il ol a3 S JLai 5
V B/t Olas Bl dreee B Yoy Ws s sl
Cope s T Sl F AT Lo S5
ol el Slag glace leslanal ool i S
Laalio)s jnde b Ll sde v g s
S A S dde I e e UL e
oamen 5 0L Saasl da=Se LB 5050 esly
o)l 55 S il s s LS 0L S sl
o slnel ys (Saddl (6551 Olge oy 233 5 o
Al e Sl glaadle LB SKCaa 5,5

sl 3l S s ol (O3 Bl L
3 P Gl o g ol (et 5 by o0 158
E h st i 5 25 e 0L ke Sid]
Al SRl 5 el 51l e

el sae ey daw gte (Ol g5 fels 2l 581
Sl S S m slaals S aloml e (s
S ol s e Ln s s g 5 L s
| Bl ey g dad Sldol b g s Sl s
PR - N KR AL
i ey bvsie 5 ool Ul e L2alS
Ssd e sshy IV e 8 Ol sy CAul

sl Cgrys b sae Sl oo e &5
5 25 p g sl S SN () e
I P T W Oy g - U LI P
FoS LG Cor s Slab i Sl s 63,55

YA



Lf’b/;-(//&' 2 ‘J//ﬁ’*‘ —(Shoee L;?'[" L;Lp S S u["“fjf{ e (gjlea

10.

11.

S Ao Sy g S Aol Y

S5 LS pih Y Sl S S0l

Seadl i S By kg’ S8 p

=8,y,2) Slase Sl X Sl i &5 Plomal £ 5 €
m?/s’

@m/s) L-«A’j;‘ S _)A&l‘ u; _ -
m2/s3‘ i“. =1 ;.. . ngf‘ K
kgms Solys &35y g
kg/m.s  Saisl dn ;S s He

m/s) e Sy slaadze  uf, u

&l

Chupp, R.E., Helms, H.E., McFadden, P.W. and Brown, T.R., "Evaluation of Internal Heat-Transfer
Coefficients for Impingement Cooled Turbine Airfoils", J. Aircraft, Vol. 6, No. 3, pp. 203-208,
(1969).

Sailor, D.J., Rohli, D.J. and Qianli, F., "Effect of Variable Duty Cycle Flow Pulsations on Heat
Transfer Enhancement for an Impinging air jet", International Journal of Heat and Fluid Flow, Vol.
20, pp. 574-580, (1999).

Camci, C. and Herr, F., "Forced Convection Heat Transfer Enhancement using a Self-Oscillating
Impinging Planar Jet", ASME J. Heat Transfer, Vol. 124, pp. 770-782, (2002).

Souris, N., Liakos, H. and Founti, M., "Impinging jet cooling on concave surfaces", AIChE J, Vol.
50, No. 8, pp. 1672-1683, (2004).

Fenot, M., Vullierme, J.J. and Dorignac, E., "Local Heat Transfer Due to Several Configurations of
Circular Air Jets Impinging on a Flat Plate with and without Semi-confinement", International
Journal of Thermal Sciences, Vol. 44, No. 4, pp. 665-675, (2005).

Rajabi Zargarabadi, M., Rezaei, E. and Yousefi-Lafouraki, B., "Numerical analysis of turbulent flow
and heat transfer of sinusoidal pulsed jet impinging on an asymmetrical concave surface", Applied
Thermal Engineering, Vol. 128, No. 1, pp. 578-585, (2018).

Hofmann, H.M., Movileanu, D.L., Kind, M. and Martin, H., "Influence of a Pulsation on Heat
Transfer and Flow Structure in Submerged Impinging Jets", International Journal of Heat and Mass
Transfer, Vol. 50, pp. 3638-3648, (2007).

Fenot, M., Vullierme, J.—J. and Dorignac, E., "An Experimental Study on Hot Round Jets Impinging
on Concave Surface", International Journal of Heat and Fluid Flow, Vol. 29, No. 4, pp. 945-956,
(2008).

Zulkifli, R., Sopian, K., Abdullah. S. and Takriff, M.S., "Comparison of Local Nusselt Number
between Steady and Pulsating Jet at Different Jet Reynolds Number", WSEAS Transactions on
Environment and Development, Vol. 5, No. 5, pp. 384-393, (2009).

Bazdidi-Tehrani, F., Karami, M. and Jahromi, M., "Unsteady flow and heat transfer analysis of an
impinging synthetic jet", Journal Heat and Mass Transfer, Vol. 4, Issue 11, pp. 1363-1373, (2011).
Mohammadpour, J., Rajabi-Zargarabadi, M. and Mujumdar, A.S., "Effect of intermittent and
sinusoidal pulsed flows on impingement heat transfer from a concave surface", International Journal
of Thermal Sciences, Vol. 76, pp. 118-127, (2014).

LERYS PP g WIS E MTQ)\F Il 5 0L (g3de Jdon ol (sdaxl Ol e ngsLJJfJ)' o Bl e MY

13.

XOT) ATV oo OF e Sl undiga cpadn elar

Esmailpour, K., Hosseinalipour, M., Bozorgmehr, B. and Mujumdar, A. "A Numerical Study of Heat

Yq



H"‘IT‘&@M‘/,@J%JL‘,« &&j}f“@@}&)f}glﬂb‘}l&%ﬂ

14

Transfer in a Turbulent Pulsating Impinging Jet", the Canadian Journal of Chemical Engineering,
Vol. 93, pp. 959-96, (2015).

. Mohammadpour, J., Zolfagharian, M.M., Mujumdar, A.S. and Rajabi-Zargarabadi, M., "Heat
Transfer under Composite Arrangement of Pulsed and Steady Turbulent Submerged Multiple Jets
Impinging on a Flat Surface", International Journal of Thermal Science, Vol. 86, pp. 139-147,
(2014).

da‘)l&le-g\a;;)lfduzlﬂéwyﬂ L;L«:g,,?)l)j@\o&“;‘u 6>,kog5)'b47,in‘;)b@%5;u;)j s lay b e

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30

31

OO AV oo DTV o Sl 53 lealoes 5 53,008 p5le wslail il jaie
Taghinia, J., Rahman, M.D. and Timo Siikonen, M., "CFD study of turbulent jet impingement on
curved surface", Chinese Journal of Chemical Engineering, Vol. 24, Issue 5, pp. 588-596, (2016).
ANSYS Fluent16.0, User Guide, Ansys Inc., (2016).
Behera, R.C., Dutta, P. and Srinivasan, K., "Numerical study of interrupted impinging jets for cooling
of electronics", [EEE Transactions on Components and Packaging Technologies, Vol. 30, pp.
275-284, (2007).
Yakhot, V., Orszag, S.A., Thangam, S., Gatski, T.B. and Speziale, C.G., "Development of
Turbulence Models for Shear Flows by Double Expansion Technique", Journal Phys Fluid, Vol. 4,
No. 7, pp. 1510-1520, (1992).
Sharif, M.A.R. and Mothe, K.K, "Parametric Study of turbulent Slot-Jet Impingement Heat Transfer
from Concave Cylindrical Surfaces", International Journal of Thermal Science, Vol. 49. No. 2, pp.
428-442, (2010).
Parham, K.E., Esmaeilzadeh, U., Atikol, L.B. and Aldabagh, Y.A. "Numerical Study of Turbulent
Opposed Impinging Jets Issuing from Triangular Nozzles with Different Geometries", Heat and Mass
Transfer, Vol. 47, pp. 427-437, (2011).
Liakos, H.H., Keramida, E.P., Founti, M.A. and Markatos, N.C., "Heat and Mass Transfer Study of
Impinging Turbulent Premixed Flames", Heat and Mass Transfer, Vol. 38, No. 4-5, pp. 425-432,
(2002).
Martin, E.L., Wright, L.M. and Crites, D.C., "Computational investigation of jet impingement on
Turbine blade leading edge cooling with engine-like temperatures", International Conference Gas
Turbine Institute, Denmark, June 11-15, (2012).
Elebiary, K. and Taslim, M.E., "Experimental/ Numerical crossover jet impingement in an airfoil
Leading edge cooling channel", Journal of Turbo machinery, Vol. 135, No. 3, pp. 1-10, (2013).
Yang, Y.T., Wei, T.C. and Wang, Y .H., "Numerical study of turbulent slot jet impingement cooling
on a semi-circular concave surface", International Journal of Heat and Mass Transfer, Vol. 54, pp.
482-489, (2011).
Xie, Y., Li, P, LAN, J. and Zhang, D., "Flow and heat transfer characteristics of single jet impinging
on dimpled surface", Journal Heat Transfer, Vol. 135, pp. 356-361, (2013).
Yang, L., Ren, J., Jiang, H. and Ligrani, P., "Experimental and numerical investigation of unsteady
Impingement cooling within a blade leading edge passage", International Journal of Heat and Mass
Transfer, Vol. 71, pp. 57-68, (2014).
Mladin, E.C. and Zumbrunen, D.A., "Local Convective Heat Transfer to Submerged Pulsating Jets".
Int. J. Heat Mass Transfer, Vol. 40, pp. 3305-3321, (1997).
Xu, P., Mujumdar, A.S., Poh, H.L. and Yu, B., "Heat Transfer under a Puksed Slot Turbulent
Impinging Jet at Large Temperature Differences", Thermal Science, Vol. 14, No. 1, pp. 271-281,
(2010).
.Gilrd, V. and Brizzi, L.-E., "Slot jet impinging on a concave curved wall", Journal of Fluid
Engineering, Vol. 127, pp. 595-603, (2005).
. Zulkifli, R., Sopian, K.S., Abdullah, S. and Sobri Takriff, M., "Comparison of Local Nusselt Number
for Steady and Pulsating Circular Jet at Reynolds Number of 16000", European Journal of Scientific
Research, Vol. 29, No. 3, pp. 369-378, (2009).




’f“‘”‘&@w‘ﬁjw‘ﬂw u@LC’JJ;’“L&/’LAJ&)f_}K’ﬁjL;%ﬁ

BNSE o iy 0 DL 51 § a0l d (695 (2959 5 C3low 3 S N1 gy
VO Ce g g slogd

™ M. (NI
S Jks s e Loy 53 515 g S e ,S dezms

e 4 gless SUF S (O (sl sl (515 5 Oloj | s ot LS o Sile $ LML el ) 5 O
G s b obF o A idbo ol 43 34 o 4t o ol il 5 Soolus (a0 o s8N Olas I 30 T
S S o i s Senlys Gl 3 o 43S iy 5 LoD A o i (5503 i oDl s ol 3L
ST il ol oS Olas 4 s o O s ol el 335 e i s sae s il aslizlly MU ol i
ool Gl S ot Sy P 8K S Olae 45 s oo L e ) il e D 30 0 pte o (sla S
=kt MLJC//;L;,«/Q_@;Q; Z=b S S s SYsles i jsboas 3l Yo slace s Goloss dof i <

38 o eglin K sl ias gy Sl ol e

lab ) e (Soalus Jae VL s s ¢ 58y 25 Oles s sloso 5035 Sl slacilg

Effects of Gyroscopic Moment on the Dynamics and Vibrations of a High- Speed
Double- Helical Gear Pair

M. Karimi Khoozani M. Poursina A. Pourkamali Anaraki

Abstract In this research a linear time- invariant lumped mass model, LTI, in three-dimensional space
for a double- helical gear pair is developed and effects of gyroscopic moment on the dynamics and
vibrations are studied. In this model, each member has six degrees of freedom and both of the mesh
stiffness and bearing stiffness are undertaken. The dynamic response due to transmission errors
excitations is calculated by using the modal summation technique. The results of this research show that
by taking the gyroscopic effects in double- helical gear pair, most of the natural frequencies are reduced.
In addition, the gyroscopic moment have an important role on the dynamic response of high- speed
double- helical gear pairs. In order to verify the equations and solution methodology, the obtained
dynamic response from a pair of double- helical gear pair is compared with the empirical results of other
researches.

Key Words Double- helical gear; Gyroscopic moment; High- speed; Dynamic model; Vibration.
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Designing and Numerical Analysisof Capillary Tube Thermal Mass Flowmeter for
Residential Natural Gas Meter

S.Parvizi M. Farzaneh-Gord  A. Jabari Moghadam M. Hashemian =~ M. Aghili Bahrami

Abstract Accurate natural gas measurement is an important issue especially in domestic usage level.
Capillary tube thermal mass flow meter is one of the most common types of mass flow meters which are
mostly used for low mass flow rates. In this work, a capillary tube flow meter was simulated numerically.
A three-dimensional steady state heat transfer in its sensor tube was numerically analyzed and the
sengitivity of this type of flow meter was investigated. In order to validate the simulation approach, the
simulation was also accomplished for Nitrogen, for which experimental data was available in the
literature, It is shown that the simulation result is reasonable. Considering all the possible effective
parameters, the uncertainty of the flow meter was also calculated. Numerical results show that the
maximum amount of uncertainty in measurement for this type of flow meter is less than 1.24% which is
acceptable for residential customers.

Key Words Flow metering, Thermal massflowmeter, Three-Dimensional heat transfer, Capillary tube
mass flow meter, Residential Natural Gas Meter
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Study of Entropy Generation and Evaluation of Statistical Heat Transfer Propertiesin
Turbulent Flow

F. Vahidina M. Miri B. Keshtegar

Abstract In this paper, effect of the nanoparticles diameter on the forced convection heat transfer of
turbulent flow of AL,Os-water nanofluids in a circular tube under constant heat flux on the wall using two
phase mixture model is numerically investigated and statistically analysed. The Volume fraction of
nanoparticles are %1, %3 and %5 , the Reynolds numbers are 25 x10°, 5x10° and 75%10° and the
variation of diameter of nanoparticles is assumed in the range of 20- 100nm. In the statistical analysis,
from the continuous probability distribution functions such as Gamma, Normal, Lognormal, Gumbel,
Weibull and Frechet are used. After reviewing the results, it was found that by increasing the diameter of
nanoparticles, the Nusselt number is reduced and due to changes in the nanoparticles diameter has
followed the Frechet probability distribution function.

Key Words Nanofluid; Convection heat transfer; nanoparticles diameter; Nusselt number; Probability
density function; Statistical properties.
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Effect of Sealing Position on Bulge Height in Hydroforming of Aluminum Tubes
M.M. Kasael J. Shahbazi Karami B. Abbaszadeh S.J. Hashemi H. Moslemi Naeini

Abstract In this paper, a new sealing method has been applied in tube hydroforming process to
eliminate the friction force between the tube and the die. The new sealing method was experimentally
examined in the free bulge test of AA6063 aluminum tubes and necking limit strains, thickness and bulge
height of specimens were measured. The results showed that the new sealing method compared to the
conventional sealing method improves the material flow to the deformation zone and, therefore, increases
the bulge height of aluminum tubes. Finite element simulations of the free bulge test were performed in
ABAQUS software under the different process parameters. In these simulations, forming limit curve
obtained from the experimental tests was utilized to predict the necking. The results showed that the
increase of the friction coefficient, the axial feed and the initial length of tub increase the bulge height of
aluminum tubs in the new sealing method compared to the conventional sealing method.

Key Words Tube Hydroforming; Sealing; Friction; Bulge height; Thickness.
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Numerical Solution of the One- and Two-Dimensional Water Hammer Problems based on
a Modified Flux-wave Approach and Baldwin-L omax Turbulence M odel

H. Mahdizadeh

Abstract In this paper the two-dimensional unsteady flow within the elastic pipes is modelled based on
a Godunov-type wave propagation algorithm. The numerical solver applied herein employs a modified
flux-wave approach which mainly treats the friction source term within the flux-differencing of the finite
volume neighboring cells to calculate the relevant flux-waves. In order to include the unsteady friction
term the Baldwin-Lomax turbulence model is utilized. First, the method is examined to model the water
hammer problem for a pipe connected to reservoir and the obtained numerical results are compared with
either the exact solution or method of characteristic with both frictionless and steady friction terms. Then,
the proposed scheme is employed to simulate the flow within two pipes with different Reynolds number
(Re=15800, Re=5800) and the numerical simulations are validated with the available experimental data.
1t will be shown that for one-dimensional water hammer problem the defined numerical scheme gives the
exact solutions. Additionally for the two-dimensional water hammer test cases and for the both given
Reynolds number the numerical model containing turbulent friction terms provides very good agreement
with existing experimental data even for the Courant number close to one.

Key Words Water hammer problem, Wave propagation algorithm, Flux wave approach, Baldwin-
Lomax method
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Two Dimensional Analysis of Steady, Laminar Conjugate Heat Transfer in Squared
Cavity Containing Por ous Blocks

M. Nazari H Gerivani S. Tafakkor

Abstract In this paper, free convection heat transfer is completely analyzed in a closed cavity
containing internal conducting blocks with arbitrary arrangement. Free convection heat transfer in the
cavity is studied according to the variations of Rayleigh number, number of conducting blocks,
arrangements of blocks and the porosity. The overall Nusselt number as a criterion of heat transfer is
reported on the walls of the cavity. The obtained results show that the thermal effects of porosity and the
arrangements of blocks in the cavity are less than the effects of Rayleigh number. However, increasing
the number of blocks inside the cavity leads to a decrease in the overall Nusselt number.

Key Words Porosity, Conjugate heat transfer, Porous cavity
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Design of Ejector for Carpet Knitting Industry
M. Hajian E. Lakzian A. Farahmand

Abstract In this paper a new ejector pump for using in textile and carpet knitting industries has been
designed and optimized by numerical method. One of the customary methods in carpet knitting is tufting
through which strings are deployed by fluid (air) and particular needles. In this study, a new method for
sucking and transferring strings into the needles by employing air ejector has been proposed and the
geometric conditions of ejector pump are optimized without regarding the yarn. Navier-Stokes equations
for two-dimensional domain for a compressible turbulent steady flow have been solved. Furthermore, the
Realizable k-& method has been employed for the turbulent flow. The numerical method is verified by
available experimental data for similar ejector pump and good agreements are achieved. In this study,
geometric parameters of length (with constant diameter), divergence angle in mixing chamber and initial
inlet pressure are investigated. Numerical results suggest optimum values for divergence angle and
length of the mixing chamber which promote the performance of air ejector pump. Developing and
optimizing ejector pump can lead to carpet industry prosperity and increase in its efficiency of production
and lowering the energy loss.

Key Words Carpet knitting knitting , Ejector pump, Inclination angle, Length of mixing chamber,
Entrainment ratio
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Numerical Simulation of the Effects of
Sinusoidal Pulsed Impinging Jet on Heat
Transfer from a Concave Cylindrical
Surface

A. Hajimohammadi', M. Rajabi Zargarabadi®

1- Introduction

Jet impingement cooling is widely used in many
applications due to its high local convective heat transfer
rate. Impinging jets are interesting for many researchers
due to their high heat transfer rate.

In this method, by applying considerable momentum
to a fluid exiting from the outlet of the nozzle, and then
dealing with the surface and forming a thin
hydrodynamic and thermal layer on the surface,
significant improvement in increasing the rate of mass
transfer, heat and momentum will be achieved.

Applications of impinging jets can include: cooling of
gas turbine blades, electronic components, combustion
chamber walls, and it is used in the process of cutting
and metal forming and drying of paper in the
pharmaceutical and food industries.

The main application of the impinging jets on the
concave surface is for cooling the inner surface of the
front edge of gas turbine blade. This section of the
turbine blades in hot gas is greatly influenced and the
cooling of this zone is important.

In this study, a new effort is exerted in order to
investigate the three-dimensional flow and heat transfer
to single circular impinging oscillating jet from a
concave surface.

2- Geometry and boundary conditions

Fig. 1 shows the computational domain and boundary
conditions for the present study. The impinging surface
is in a semi-cylindrical shape with the diameter of 100
mm and length of 4 times that of the jet diameter, which
is extended by two flat plates with the width of 50 mm.
In the experimental study, a supporting plate is placed in
the outlet of the jet, which prevents their vibration (due
to high velocity of the outlet fluid) and the impingement
of the returning flow towards the wall of the jet. In this
study, this supporting plate is considered to be of the
same length as the concave surface and the width of 30
mm.

The velocity boundary condition is considered at the
inlet of the jet. The value of velocity inlet is proportional
to the Reynolds numbers.

For velocity boundary condition input we have to use
UDF (User define Function) in inlet Boundary condition
since the velocity varies with time. Inlet air temperature
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of the jet and Turbulence intensity at inlet were assumed
to be 298 K and 5%, respectively.

Pressure Outlet

Pressure
Outlet

50mm

Velocity

Tnlet I'

|
| ,
100mm ——4.|

Fig. 1. Geometry and boundary condition for the present study

@ Impinging
e wall

3- Discussion of Result

In order to investigate the validity of numerical solution,
the Nusselt number distribution in the Reynolds number
23000 obtained in this study was compared with
experimental results. The RNG k-¢ turbulence model is
applied in the present study. Due to the use of RNG k-¢
model to simulate the exact behavior of the flow near
the wall, wall function is used for exactly enhanced wall
treatment. The maximum error between Nusselt number
prediction and experimental result is about 9%, which
indicates a high degree of accuracy.

Fig. 2 shows the effect of Reynolds number on the
distribution of time-average Nusselt number. Increasing
the jet Reynolds number results in an increase of the
Nusselt number on the concave surface. The results
show that the sinusoidal impinging jet has lower Nusselt
number in the stagnation region. In the wall jet zone the
Nusselt number of sinusoidal jet is higher than that of a
steady jet.

— s Sinusoidal Re=10000
LA X ur . i
160+ F 7 ™oy, 0 wmeees Sinusoidal Re=23000
[ J N — == Sinusoidal Re=40000
Ll NN, = Steady Re =10000
X, A Steady Re =23000

o W Steady Re=40000

Nuavg

EA=08 R =~y
20 » =100 Hz R —

0 1 4 5 6

) : S/id -
Fig. 2. The effect of Reynolds number on thedistribution of time-
averaged local Nusselt number
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Fig. 3 shows the effect of the amplitude on the time—
average Nusselt number distribution along S- axis. As it
can be seen, by increasing the amplitude of oscillation
the time-average Nusselt number decreases in the
stagnation region. For S/d >1.5, the sinusoidal
impinging jet has higher values of the averaged Nusselt
number in comparison with the steady jet. This is due to
the formation of stronger and larger vortices that
increase the heat transfer rate and thus increase the
Nusselt number. For example in s/d=7 the time-average
Nusselt number for oscillation jet with A=1 increased
21% to steady jet.

140
Sinusoidal Wave

Steady
— A=0.4
———=A=08

120 +

Re=23000

a0 1
: £=50Hz

20 + +
0 1 2

; S"d -; 5 6
Fig. 3. The effect of amplitude on the distribution of time-aver aged
local Nusselt number

Fig. 4, shows the effect of frequency on the time—
average Nusselt number distribution along S- axis.
According to the figure, as the frequency is increased,
the values of time- average Nusselt number increased.
This is a fewer increase compared to the Reynolds
number and amplitude on the distribution of Nusselt
number.

140

Sinusoidal Wave

120 4

Steady

—_ = [=50Hz
— — — = =100Hz
------- f=200Hz

100 £

-]
,
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Re=23000
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0 1 2 3 cupyd
> S/d

Fig. 4. The effect of frequency on thedistribution of time-averaged
local Nusselt number

In Fig. 5, the distribution of the temperature contour
on impinging surface is compared for different
Amplitude between oscillation and the steady
impingement jet.

340

Temperature IK|

(A) Steady jet

Temperature

(B) A=0.4 at t/1=0.25

Tempersmre
(C) A=0.8 at t/1=0.25

Fig. 5. Temperature contour on impinging surface

4- Conclusion

In this study, the effect of oscillation parameters on the
time-average Nusselt number of impinging jet has been
investigated. Results are also compared with the steady
impinging jet. The results show that the oscillating
impinging jet increases thetime average Nusselt
number. The jet Reynolds number and amplitude of
oscillation show significant effects on the averaged
Nusselt number distribution.
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Effects of Gyroscopic Moment on the
Dynamics and Vibrations of a High-Speed
Double-Helical Gear Pair

M. Karimi Khoozani', M. Poursina?,
A. Pourkamali Anaraki®

1- Introduction

Gears are widely used in a transmission power system.
Double-helical gear is one of the most important kinds
of gears because of the absence of axial force. In a
double-helical gear, the axial gear mesh forces on the
right hand and left hand sides are balanced with each
other. In addition, this kind of gear transmits more load
in comparison with spur and helical gears. The
application of double- helical gears in industrial
applications has increased in spite of cost and
manufacturing challenges.

There are a few literature reports on the double-helical
gear system. Review of available literature shows that
the gyroscopic effects in double helical gear systems are
mostly neglected. The gyroscopic terms have an
important role on the dynamics of a gear set at high
speeds. In this study, a linear time invariant lumped
mass model is developed by considering gyroscopic
effects in 3-D space for a double-helical gear system.
This model is solved in two steps. In the first step, the
equations of motion are solved by neglecting the
gyroscopic effects, then the effects of gyroscopic
moment are considered and equations of motion are
solved again. In these models, in addition to mesh
stiffness, bearing stiffness is also considered. In order to
verify the equations and the method of solution, the
obtained dynamic response from a pair of double-helical
gears is compared with available empirical results.

2- Dynamic model

To extract the dynamic model in 3-D space for a double-
helical gear set, we must note that each member has
three translational and three rotational degrees of
freedom. In this model, the following six assumptions
are considered:

1) The bodies of the gears are rigid;

2) Flexibilities of mesh stiffness are modeled by
linear springs acting on the plane of action
normal to gear tooth surface (inclined by helix
angle B);

3) The mesh stiffness of a tooth pair are constant;

4) The gear teeth at the mesh interface are in
constant contact;

! Phd student, Department of Mechanical Engineering, Shahid Rajaee
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5) The frictional forces due to tooth sliding are
neglected;

6) The double-helical gears are symmetric with
respect to the midline. Also, manufacturing
errors are neglected.

Fig. 1 shows one side of a double- helical gear pair
that are located at angular position Y p!

Fig. 1. Dynamic model of one side of a double- helical gear pair

The basic equations of force and moment in 3-D space
are applied here to derive the equations of motion for
each pair of gear mesh as follows:

2 F; = ma; M

SM, =L, (i=%Y,2) 2)

where, M is the mass, F;, M, a;, 0;, I; are the

force, torque, linear acceleration, angular acceleration
vectors and the mass moment of inertia matrix,
respectively.

The effects of gyroscopic moment must be inserted in
equations of double-helical gear mesh by Egs. (3-5). The
angular momentum of H for the spinning body
¢(¢ = Pinion,Gear) with constant angular velocity

Q -k around the z-axis with no tilting motion, rotating
in its plane of rotation, is:

H,=J.Qk (¢ = Pinion,Gear) 3)

where J is the polar mass moment of inertia. The
angular velocity vector ® for the same body due to
tilting and rotating motions is expressed as:

Qok (¢ = Pinion,Gear)
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where, 9Xg s éy . and é’zg are the vibratory velocities in

X, Yy and z direction, respectively. Based on the
conservation of angular momentum principle, the
angular momentum rate change caused by tilting motion
leads to additional moment M. proposed by:

Mg=Hg+mngg:Mg=

3.0.0,.i-3.0.0,

. . &)
cJ (¢ =Pinion,Gear)

By inserting Egs. (3) and (5) into Egs. (1) and (2) and
extending them, the dynamic equations are extracted for
a pair of double helical gear set.

3- The overall equations of the system
The overall equations of the system with 36 degrees of
freedom, in matrix form are proposed as follows:

Mq(t) +Gq(t) + (K, + Kp)q(t) = F(t) ©

In equation (6), M is the mass matrix, G is the
gyroscopic matrix, K, is the mesh stiffness matrix,
Ky is the bearing stiffness matrix, F(t) is the

excitation vectors caused by external moments and static
transmission error and q is the displacement.

4- Results

The results obtained in this research indicate that by
considering gyroscopic effects, at least one of the natural
frequencies of the system becomes zero and the system
has a rigid mode. Moreover, most of the natural
frequencies are reduced. Of course, this reduction rate is
high in the primary natural frequencies of the system
and by increasing the amount of natural frequencies, this
rate decreases. This phenomenon is due to the fact that
the magnitude of the final natural frequencies is greater
than the primary frequencies of the system. In some
frequencies, a slight increase is observed in the natural
frequency of the system when we consider the
gyroscopic effect.

In addition, some of the following results can be
extracted from this research:

v" The maximum amount of the root mean square
of wvibration in different directions in
accordance with the natural frequencies of the
system or their multiple is excited by a certain
harmonic amplitude | of the excitations

v' The gyroscopic effects create a significant
change in the dynamic response of the system
in different directions and change the number
of peaks of vibration in the range of mesh
frequencies. Because at this state, the
gyroscope matrices are changed with the
velocity of the gears. On the contrary, in the
case the gyroscopic effects are neglected, all of
the matrices become constant and independent
of the velocity of the gears.

v By considering gyroscopic effects in the
system the amplitude of root mean square of
vibration in X, ¥ and 6, directions decreases

and it increases in the other directions. Since
the gyroscopic matrix is skew symmetric, this
matrix acts as a damper in the directions where
the gyroscopic effects reduce the amplitude of
dynamic response, and in other directions it
acts as an exciter.

5- Conclusion

In this research, a linear time invariant lumped mass
model in 3-D space is presented for a double-helical
gear system. The gyroscopic effects on the dynamics
and vibrations of the system are assessed. The results of
this research show that the gyroscopic effects have an
important role in the dynamic response of a gear set and
must be considered at high-speed conditions. In
addition, in the situation where gyroscopic effects are
considered, the dynamic response of the gear system
would be speed-dependent. In this state, the gyroscope
matrices are changed with respect to the velocity of the
gears. On the contrary, in the case that the gyroscopic
effects are neglected, all of the matrices become
constant and independent of the velocity of the gears.
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Meter asa Residential Natural Gas
Meter
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1- Introduction

In many industries, mass flow is the desired
parameter instead of volumetric flow. There are
two ways to measure mass flow. The first way to
measure mass flow is by multiplying the measured
volumetric flow by density and the second way is
to use flow meters that work with additional tools
such as pressure and temperature sensors to yield
mass flow. Second, flow meters measure mass
flow directly. Thermal mass flow meters belong to
this category.

Asitisshown in Figure 1, the thermal mass
flow meters include three main parts: main
body, sensors and bypasses. The tota mass
flows into the main body of the flow meter,
then splits into two separate paths. The small
part of the flow passes through the sensor
tubes and the rest of it passes through the
bypasses.

|sensor || Heater | |sensor |

£ L. Sensortube .|

bypasses

Fig. 1. schematic of capillary tube ther mal mass flow meter

The principle of the capillary tube therma mass
flow meter is based on the first law of
thermodynamics and heat transfer due to the flow
passing from the sensor tube is measured by three
coils. Two temperature sensors and a heater are
placed at the center of the sensor tube. The heater
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heats the sensor tube. The heat transfers from the
sensor tube to the gas in the upstream. Gas carries
out the heat to downstream and transfers it to the
sensor tube in the downstream. These heat
transfers cause the temperature difference between
the temperature sensors. This temperature
differenceincreases linearly by increasing the flow
in a particular range.

25

204

AT (k) f
104

0 10 20 30 4 50 60 70 80 80 100
Flow Rate (m~/h)

Fig. 2. linear range of capiillary tube thermal mass flow
meter

2- Methodology Discussion and Results
Continuity, momentum and energy equations are
solved by FLUENT and heat transfer in capillary
thermal mass flow meter is analyzed.

In this study, the effect of diameter and length of
the sensor tube and the position of the temperature
sensors are investigated. As Fig. 3 shows increase
in sensor tube diameter causes decrease in linear
range and increasing sensitivity. Also, Fig. 4 and
Fig. 5 show that the length of the sensor tube has
no effect on the performance of the flow meter.
Moreover, although the position of the sensors has
no effect an the operating range of the flow meter,
if the sensors are closer to the middle of the sensor
tube, the accuracy of the flow meter will increase.

=—D_=1mm
54 —D_=1.4mm
——D_=1.8mm

r T T T T r r
0 10 20 30 40 50 60 To B0
Flow Rate tm"-‘h]

Fig. 3: Effect of diameter of sensor tube on the
performance of flow meter
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: 3
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Fig. 4. Effect of sensor tube length on the perfor mance of
flow meter

* —— L =20mm
=L =25mm

— L =30mm
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Flow Rate (m~/h)

Fig. 5. Effect of sensor position on the performance of the
flow meter

So, only the capillary tube thermal mass flow
meter with sensor tube diameter of 1mm can be
replaced with the current G6 diaphragm gas meter.
The error of mass flow calculations can be due to
three factors; estimation of flow rate by a direct
line, uncertainty in measurements by the
temperature sensors and the difference between
nominal and practical heat power. Based on these
errors, the value of the uncertainty measurement
for this flow meter is 1.24% that is acceptable.

3- Conclusion

The simulation and numerical analyses of capillary
tube thermal mass flow meter show that it is
suitable for replacing the current diaphragm gas
meter for residential use and aso show the
following results:

— Increasing sensor tube diameter decreases the
linear range and increases the sensitivity.

— The sensor tube length has no effect on the
performance of the capillary tube therma mass
flow meter.

— The position of the temperature sensors has no
effect on the linear range but being closer to the
middle of the sensor tube causes higher sensitivity.
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Study of Entropy Generation and
Evaluation of Statistical Heat Transfer
Propertiesin Turbulent Flow
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1-Introduction

Thermal insulation

Using nanofluids instead of conventional fluids like
water and oil in heat transfer systems is a big goal for
many scientists who are trying to make it a reality. Many
scientists have studied in the field of nanofluids and
most believe that the use of the metal and the suspended
nanoparticle metals in a base fluid improves the thermo-
physical parameters of nanofluids. Consequently, the
efficiency of heat transfer systems increases. One of the
most important parameters in terms of nanofluids study
is to investigate the effects of the diameter of
nanoparticles. Considering this fact, if the diameter of
some particles is smaller, their suspension in base fluid
needs more investigations. Therefore, the effects of
these variables on the flow parameters in different
papers were conducted.

When using statistical parameters for nanofluids, it is
essential to consider the uncertainty of heat transfer. In
the present study, the effect of diameter of nanoparticles
in forced convective heat transfer turbulent flow of
nanofluids in a circular tube using two-phase mixture
and the SIMPLEC algorithm has been numerically
studied. The next goal is to determine the statistical
properties including the best probability distribution
function of Nusselt number based on the diameter of the
nanoparticles. In order to select an appropriate
continuous probability distribution function from
amongst the Gamma, the Normal, the Lognormal, the
Gumbel, the Weibull and the Frechet for Nusselt number
which are calibrated using the maximum likelihood
estimation, the chi-square test was used. In this paper,
nanofluids flowing in a circular tube are simulated using
the Fluent software and after that, the data for Nusselt
number is calculated in different parts of the tube. In the
next step, the statistical analysis of the Nusselt number
is carried out on the basis of numerical data of Nusselt
for different nanofluid diameters. The volume fraction
of nanoparticles is %1, %3 and %5, the Reynolds
number is 25%10%, 5x10* and 75%10° and the variation
of diameter of nanoparticles is assumed to be in the
range of 20- 100nm. After reviewing the results, it was
found that by increasing the nanoparticles of the
diameter the Nusselt number is reduced. Also, the data
Nusselt number due to change of diameter of
nanoparticles has followed of the Frechet probability
distribution function. On the other hand, it is observed

! Department of Mechanical Engineering, University of Zabol,
Zabol, Iran.

2 Corresponding Author: Department of Civil Engineering,
University of Zabol, Zabol, Iran, Bkeshtegar@uoz.ac.ir

that by increasing the diameter of nanoparticles, entropy
generation increases.

2-The governing equations and the boundary
conditions

In Figure. 1, the tube structure of the case study is
shown. A tube with a circular cross-sectional area of
copper with the length L (1m)) and the inner radius r; (10
mm), the outer radius r, (11 mm) and the thickness t (1
mm) is considered. The upper half of the tube contains
the heat flux q (44 x 10* W/m?) and the lower half is
insulated.

insulation

Fig. 1 Schematic of the geometry of the pipe review

The equations of continuity, momentum and energy for
multiphase flow are expressed as follows, respectively.

V.(oNm)=0 (1)
V(N V,)=-VP, +V.(7-7)
n ()
+V‘[kz: B PN 4 1V k j
=1
v.(Z@vk (oH, + P)] =
k=1 (3)

V.(WT —C, PVt )

3- Results

In this study, turbulent forced convective heat transfer of
water/Al,O; into a circular tube using a two-phase
mixture model is numerically and statistically analyzed.
In Figure 2, the Nusselt number is drawn along the tube
for different diameters of nanoparticles. It can be seen
from Figure 2 that when the particle is smaller, the
Nusselt number is larger and the variation of the Nusselt
number obtains a small value at the end of the tube. In
Figure 3, the thermal, frictional and total entropy
generation versus the diameter of nanoparticles is
shown. As it is seen in Figure. 3, by increasing the
diameter of the nanoparticles thermal entropy generation
is increased due to significant reduction of the Nusselt
number. Considering that thermal entropy generation is
increased by increasing the diameter of nanoparticles,
frictional Entropy generation is obtained to be constant
for almost all data. As a result, the total entropy
generation is increased by increasing the diameter of
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nanoparticles.
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Fig. 2. Variation of Nusselt number in the location of tube with
diameter of nanoparticles
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Fig. 3. Variation of thermal, frictional and total entropy

generation with diameter of nanoparticles

In Table 1, the values of the Chi-square test for
different probability distribution functions of Nusselt
number in different locations of the tube at Re=5x10*
and ®=0.03 are given.

Table 1. Thevalues of chi-squaretest for different probability
distribution function of Nusselt number in different sections of the

tube

PDF 0.05 0.1 0.3 0.6 0.9

Frechet 3.7416 3.7515 3.7605 3.7583 3.7592
Gamma 8.6105 8.6124  8.6081 8.597 8.5956
Gumbel Max 44935 44988  4.4998 44927 44924
GumbelMin 18374 18381 18382 18373 18372
Lognormal 9.266 9.2856  9.3034  9.3019  9.3044
Normal 8.7345 8.7408  8.7421 8.7337  8.7023
Weibull 11.302 11.32 11.337 11.332 11.334

The results of Table 1 show that the best and the worst
distribution functions obtained are Frechet and Gumbel-
Min distributions and the Chi-square statistics are about
3.75 and 18.38, respectively. The Gumbel-Max can also
be selected to describe the statistical properties of the
Nusselt number for different sections of the tube.

Based on the thermal data obtained for Nusselt number
in turbulent flow of the nanofluid which is tabulated in
Table 1, it can be concluded that the Frechet probability
distribution function can describe the uncertainty of
Nusselt number for the applicable engineering problem
of tube in Fig. 1.

In Figure 4, the Frechet probability distribution
function for constant Reynolds number of 5 x 10* and
the volume fractions of nanoparticles of 3% have been
drawn. As it can be seen from the results of Fig. 4, the
probability distribution functions may follow a similar
function at the end of the tube (e.g. Z/D=60 and
7/D=90.) while the modes of distribution functions are
remarkably changed for the first part of the tube (e.g.
7Z/D=5 and Z/D=10). All distribution functions are
skewed to the right. This means that the diameter of the
nanoparticles can improve the Nusselt number and we
get a larger Nusselt number for smaller diameters. As it
is seen, the mode of the Nusselt number is obtained to
be about 310 corresponding to uncertainty in diameter of
nanoparticles.
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Fig. 4. Comparison of the Frechet probability distribution
function for the Nusselt number in different sections of the tube

4- Conclusions

In this paper, the statistical properties of nanoparticles in
turbulent forced convective heat transfer of water-Al,O;
nanofluids in a circular tube are numerically evaluated.
In the statistical analysis to determine the best
probability distribution function from known functions
including Normal, Lognormal, Gamma, Gumbel,
Weibull and Frechet, the chi-square test is used for
Nusselt number. After the analysis of statistical data, it
was observed that the best probability distribution
function obtained is the Frechet probability distribution
function for Nusselt numbers in the area of developing
and in the developed flow with a model of about 310. It
is observed that the thermal and the total entropy
generations increase by increasing the diameter of
nanoparticles.
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Numerical Solution of One- and Two-
Dimensional Water Hammer Problems
based on a Modified Flux-Wave Approach
and the Baldwin-Lomax Turbulence Model

H. Mahdizadeh!

1- Introduction:

Accurate modeling of transient flow within a pipe is a
highly desirable tool in mechanica and civil
engineering. One of the popular transient flows is the
water hammer phenomenon which mainly causes
instantaneous pressure variations and creates shock
waves within a pipe. These transient pressure heads may
cause serious damage to the pipe and distortion that
would ultimately lead to collapse of the piping system.
Estimation of pressure within the pipeline can be smply
implemented by one-dimensional (1D) models such as
the method of characteristics (MOC). To consider the
effect of friction terms in such approaches quasi-steady
friction terms are commonly used. However, as it is
reported in the literature, the discrepancies between the
MOC and experimental measurements are quite
significant and this is mainly due to the choice of quasi-
steady friction terms. To cope with the difficulties
associated with quasi-steady friction approximation,
unsteady friction models have been developed both in
laminar and turbulent regimes which can be used within
the two-dimensional (2D) water hammer models. In
contrast to the 1D scheme, the 2D model utilizes the 2D
velocity profile as an initial condition which
considerably improves the prediction of peak pressures
during the water hammer process. In recent years, many
efforts have been made to develop two-dimensional
(2D) models including unsteady friction terms generally
based upon the Runge-Kutta method and different
choices of turbulence model. Generally, the Runge-
Kutta scheme produces rather accurate results for 2D
water hammer problems using the algebraic or the two
equation turbulence model. A main drawback of the
scheme as reported in the literature is that it requires a
rather small Courant number for 2D water hammer
problems with the existence of turbulence models which
significantly increases the computational setup time. On
the other hand, the Godunov-type finite volume methods
have been used for the solution of 1D water hammer
problems in recent years. These methods have proven to
be a powerful and versatile tool for the solution of
shock-capturing problems.

! Assistant Professor, Department of Civil Engineering,
University of Birjand. hossein.mahdizadeh@birjand.ac.ir

The main objective of this paper is to define a
second-order accurate finite volume method for the
solution of 1D and 2D water hammer problems using a
wave propagation algorithm. To calculate the left and
right going fluctuations, the modified flux-wave formula
is employed. The flux-wave method implemented
herein incorporates unsteady friction terms within the
flux-differencing finite volume neighboring cells for
the solution of 2D water hammer problems. To consider
the effect of unsteady friction terms for 2D water
hammer problems, the Baldwin-Lomax turbulence
model is utilized. To the best of the author's knowledge,
no extension of the wave propagation algorithm is used
for the solution of the 2D transient pipe flow with the
choice of the Baldwin-Lomax turbulence model.

2-Numerical Results:

To verify the suitability of the modified flux wave
formula for the solution of 2D water hammer problems,
two different flow regimes with lower (5600) and higher
(15800) Reynolds numbers are numerically investigated.
To initiate the water hammer process with unsteady
friction terms, the steady-state velocity profile cal culated
by the choice of Baldwin-Lomax turbulence model
should be employed as an initia condition for the
defined ranges of Reynolds numbers. Figures 1 and 2
depict the 2D water hammer pressure results calculated
based on the Baldwin-Lomax turbulence model and the
flux-wave approach (FW) at the midpoint and valve
location for the lower Reynolds number equal to 5600. It
is evident that the flux-wave formula including the
friction terms cal culated based upon the Bal dwin-Lomax
turbulence model exhibits a very good agreement with
experimental data. The only discrepancy, in particular
for the midpoint pipe results, is seen at the final cycle
where a small deviation between the right-going side
and the measured data is seen. However, this difference
for the pressure evaluation at the valve location is less
obvious. Figures 3 and 4 show the plots for the pressure
head values at the middle of the pipe and valve location
for the higher Reynolds number equal to 15800. Again
the FW method with the use of the Baldwin-Lomax
turbulence model produces results that are rather
identical with experimental data confirming that the
defined model can accurately capture the pressure
shocks.
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Fig. 1. Comparison between the pressure head values at the
valve computed using the FW methods with the Baldwin-
L omax turbulence model and experimental data for lower
Reynolds number ( Re= 5600 ).
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Figure. 2 Comparison between the pressure head values
at the pipe midpoint computed using the FW methods
with the Baldwin-L omax tur bulence model and
experimental data for the higher Reynolds number
(Re =15800).
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Figure 3. Comparison between the pressure head values at the
valve location computed using the FW methods with the Baldwin-
L omax turbulence model and experimental data for the higher
Reynolds number ( Re =15800).
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Figure4. Comparison between the pressure head values at the

pipe midpoint computed using the FW methodswith the
Baldwin-L omax turbulence model and experimental data for the
higher Reynolds number ( Re =15800).

3- Conclusions

In this paper, an accurate finite volume method is
presented for the solution of 1D and 2D water hammer
problems including unsteady friction terms. The
numerical scheme defined herein is well-balanced and
incorporates the source terms in the flux-differencing of
the finite volume neighbouring cells. In order to
consider the effect of unsteady friction terms during the
water hammer process the model utilizes the Baldwin-
Lomax turbulence model. Validation was then
performed with the available experimental data
borrowed from the literature for two different ranges of
Reynolds numbers and rather identica results were
obtained.
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