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Oscillating flow is one of the most important characteristics of flow in stirling engine heat exchangers.
In this study reciprocating flow in stirling engine cooler is investigated numerically. Numerical solution
is based on finite volume and pressure based algorithm by using the commercial CFD code fluent. A
Shell and tube type heat exchanger used as cooler. The working fluid, gas flows inside the tubes while
the cooling fluid, water flows around the tubes. The heat transfer coefficient, temperature difference
between tube walls and working fluid, Nusselt number and friction coefficient are calculated for
Helium, Carbon dioxide and Nitrogen at different operating pressure and oscillating frequency. The
Nusselt number, heat transfer coefficient and temperature difference between tube walls and working
fluid increase with increase of operating pressure or oscillating frequency while Friction coefficient
decreases. Helium has the highest heat transfer coefficient and friction coefficient and the lowest
temperature difference between tube walls and working fluid. At the highest operating pressure and
oscillating frequency, Carbon dioxide has the highest Nusselt number and the lowest Friction
coefficient. Finally empirical equations for Nusselt number and friction coefficient are proposed for
Helium, Carbon dioxide and Nitrogen, the error of the equations are within 0.23-8.07% when the range
of kinetic Reynolds number is 2.96-212.50.
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Fig. 1 ST500,gamma stirling engine, with output power 500w,
minimum volume 1.37e-3m®, maximum volume 1.79e-3mé and
operating pressure 8bar [23]

o> BOOW >3 5 ols5 syl S g4 51500 5 ol Sid ol [gi90 1 JSCo
[23] 8bar 15 Lud 5 1.79e-3m? arivy woxe> (1.37€-3M3 aies

g0 S SS9 o515 alhize Blasie 1 Jus
Table 1 Specifications of compression chamber and engine cooler

laa) ) . a KXy ol
s o Jsb 8 by b )*iwﬂaﬁ o als
e L 5 aliame  alhime ,o oo
by 9 % my pS1s 2O OFt
(mm) (mm) (mm) (Mm) S5
91 140 37 2 84 75

1% O C, C, C, ol o Fig. 2 schematic of shell and tube Heat exchanger

1.0 1.3 1.44 1.92 0.09 oolie Al 5wy Fol Joe Jl (Seileds 2 JS&
2 Upwind L shell
361 10 oplaids 17 095 1396 (53 (a0 Suilse wise


https://dorl.net/dor/20.1001.1.10275940.1396.17.10.45.3
https://mme.modares.ac.ir/article-15-9237-en.html

[ Downloaded from mme.modares.ac.ir on 2024-04-23 ]

[ DOR: 20.1001.1.10275940.1396.17.10.45.3 ]

Ubed 9 Ylins Lol

LB Sl il yg590 slag) 9 Alwgs (pF A )3 uliS j3 9 wad) Ylpd G33e w0

Fig. 4 meshing cross sectional view

10.5
9.5
8.5
E 7.5
6.5
55 | cesnsanes 1148751 - — = 1053217

—_— e 3320470
4.5 1 1 1 1

105107 1.091.11 1.13 1.151.17 1.191.21 1.23 1.25 1.27
£(s)

4648653

Fig. 5 grid independence
GoaSl 5l Plawl 5SSl

W mw slael -7
7 i b sl Cunods goue gl e plxil Jo oo sy 8l
S @ dlg) 6 ol g [26] Sz g ol sl oals dolie aLidS lidss
@l S p 5 2d) el ol el 945 Job 5 el 1.35
cuye sl | A4) aaly g wssls 8 addlhae 550 (Lo 5 028 & 90
5 iz jalsh; dae eagame sl ol SiS 5 5 28 Gl Sl
Lols slgiay 0-26.4 §23-395 (3 5 4y Ly dxy o akels

PSS g g 8y Ghsdae (b [T] Soz g gl (6,00 Gaiow o
cors sln 1y (15) ally gl oS gy (25 Sige ) oy
g, dae edguze sln (Aatae S5 n g 28, Ol Sl
JS&" o aie,S @)1 53.4 1135 lug am g als 3 81-540 i
sl 00t lie Sz g 15 o2 @B b goue Jo ol "6

e 3.27192 s
7 Ao (Re%5*8 — 2.03946)

Cee = 1 7606 +0.40624 15)
ft — AO (Re}lgz . )

5 dls cillas g9 4 028wl b ogoue Jo 5l Jolb mls
Loyl a5 a0 7, 66 axy o aials 3400 i soe o s iSTas

10 opless 17 0951396 5o (o) Sulle Swiie

S pE ol -5
g8 Bl Jo gl clio (Sloj o6 bl (392 )35 @ x5 L
N FSES A o Pl a5 050 Sl gluigsa wb Sl p8
e Gloj ool 0 3 SzsS ik Al o 09250 Gloj Sl (n S S sS
ol JBle Gley o5 cnlpley cl -2 gadse jl dlee (al o il
Aol -3 gy

Oype Sloj o8 51 Jo Plaal il sl Sloj o8 (53,5 oy s
P 3 o 1) S Sis by )0 lagie sles Ll (nl jo 055 S8 (o2
A 005l Cewdas 3 Jsaz 9 "3 IS Gillae e

23,5 o dulone (13) alaly 5l g sl Cgls (50,50 2 yal\ly
N =2n/w a3)

2/900 §02/90 Jloj pl5 50 lawgie slod gulis a5 548 0 oalive
g o8 el il e 0.1497 las gl 5 5l s s
bl o cnlio alle o3l (sl 2/90

A% a6
1148751 aSis slaws b aSis 4 goiaSias 51 Jo il gy sl
©azg L .cdF 138 cw)n 0,50 4648653 4 3320470 1953217
dwdin hal o gb Je ol GRelS Cuzr desis g )l
» Sl Joe awain gonaSl l pahte slod el oad (giluaced
oads Sl oS l8le 5 50 (goaSis sl sud sols lis "4 S
S5 O e 3 el (ol K oy s i sae ol
ool Hlas "B S 48 g e 08,9] Cewdds il p Lol 120 lwgs
ROW W

00,5 o oS aSil yu cdol sae S (i slaws sl L
4648653 4 3320470 slaaSis L (s0uaSid 50 o cdul due Hlude
ol sae paysSle ke yo 153/ Gdksl iSlam 5 ol K305 jlonns

4 3320470 slass b (g0uaSds oS WS & az g5 b asel jo ol

35°f 1 | RN ! l
MEvEEREEN
300 | ‘J Dj,}"‘" 1"—55! 1.—-.._1
wf —ooam

£(s)

Fig. 3 average temperature of working fluid in 3 different Time step
Dol (Sloj o5 3 b ole Jlow Lawgin glos i 3 S

Sles p 3 53 (S SS g bawgte sles 3 Jgur
Table 3 Average temperature in the middle of the cooler in 3 Time

steps

0 ) ) B
2 2 a S) les o5

900 90 9 e f

Loy o lawe Loo
363.44 362.90 354.70 I IS
(K) o5 S
362


https://dorl.net/dor/20.1001.1.10275940.1396.17.10.45.3
https://mme.modares.ac.ir/article-15-9237-en.html

[ Downloaded from mme.modares.ac.ir on 2024-04-23 ]

[ DOR: 20.1001.1.10275940.1396.17.10.45.3 ]

Ubed 9 Ylins Lol

LB Sl il yg590 slag) 9 Alwgs (pF A )3 uliS j3 9 wad) Ylpd G33e w0

lier SRl elns 5 Jole Jlow oo B 5 olml> o)l il
wjgSamsy 3 Rl S Gl Sl (25 5 Co e (52 IBI L
oS R Gl i jLad G s et )3 e Gl (Saslus
JET cnlple 005 oo Juln d0e 5 iz jolsn; sae Al el
bee Gl 0les 5 Jale Jlw slos IS 5 &)l >

9 5mSls300)S el Jale Jlw 3 (sl 10 JS&" 5 "9 S s
o533 slos S Ll &l JE] o yd Sl SIoged (35500
4l kol 120 590 60 30 uils,8 5 5L 3 ,led o (ole Jhw 5
Ve, dae ol del Sl o o (uilS 8 moli8l .l oud ools lis
el sl patine 55 SO 50 oS jsbles a0 005 o0 S
Sde (heS ade atiie (SRS 3 ed e &l JUEST 2l
Ot rls Sdeas e Guizmen o)l | Sl due g (ol jale,
DeSIE300)S 9 Oiar A S Jige 02 (0S5 2le)S Sud)b
oo Jlow lod BB (0 72eS 5 lnle )l JEST oy i
DenSI6300)S 5 59 Pl (O SedP 4 az g b twl )b Ty o lns o
Ll yeS o)l JUisl o po i cnnSTgain S b avalie ;5 059558
Sl glalamde BB oglis polan b oS oo syl | o 4 Koy

D 1y il sue g sdeizr jsh, dae (nytier aenSlson,S
ey dae il b ey Calyle 1) Les M oy iy xSy
SISO & S foS g el a4 S iy Jilpose g i

1900 | —e—Hep=3 bar
—8—He p=5 bar
LTLISRE —— He p=7 bar /
1500 | 4
Mi300 |

=

E 1100 |

= 900
700 | o
500
300

5 45 5 105 125

65 8

@ (radfs)
Fig. 7 average heat transfer coefficient of Helium at different
oscillating frequency

Sslicte logi sl ulS 3 0 pels Lvgio oyl JUil o o 7 JS

36 | —e—Hep=3bar
—&— He p=5 bar
—+—He p=7 bar

AT(K)
<]

25 45 105 125

65 85
@ (rad/s)
Fig. 8 average Temperature differences between the wall and the

working fluid of Helium at different oscillating frequency

Ologs ol 3 0 wade gl ojless g Jule Jlw Jawsgio (glos S8 ST
glate

363

lyldal, b goae mli Bl bls Ko 0 5 ail g0 w0, 12,5
odel Cawsds S Slas 4 azgi b adbise Hlade cpl 5l ieS oud
et "6 S 0 a5 jebiylen ials slezel LB, > g, olg oo
4 Qb o Suanl cYoles di @Yolee j ogdle Jigire l,> gous
a1 51 i (hgdie b,z glas cde fpen 4005 > (go0e &g
o

5 S oslul las (gone (g5l Juw slas 4 olgi oo Uas alis 5
S aSod olasd b guinaSll oo ley relS (gl 0,8 o Ll Sl
o3l G s ad § b o goae o lp aoy0 251 S olls b
bl e b 51 (SO lgs so (giuaSils

-8
3 deaSlsocn S aale Jule Jw 3 (6l Sl o po g cdul sue
7534 0 6,5 Lid o 0oyl Cavods calizee Lyl 10 (59,500
s adb  obs], 120 590 60 30 s 4 s lags LS5 L9
sl doyall 5 olos g (Slug g altas 09 )35 Js 4 a5 (o
cupe 205 65Nl Wb SEhol coyo g cdul sse ailxe
55,5 o drnilins (16) ala ) ollas SISka]
Tw

~PURax
5 18) 5 A7) Laily, 5l oy & Jasgio JBz g basgio LDy A5
33,5 oo dlos (19) abayl, 5l 2dsls sae

1 0]
Ty = 5[ T, (O)dt an
0

Cr= 16)

1 0

p= Efo p(t)dt 18)
D glyedt  p

kool Tw =Tk
5 lmlr Sl JEl s Sl wig, "8 KA o TS s
4 o Jlogh Gl 8 e pele sl el 5 Jole Jlow slos DL
cdole Sl slos )Lz 21530 L ol oo ools las L9 57 5 .3 Las
Silotn ajsSams (Jy Mboo MIPl (Sealis ajSmy 5 JB
e LS Gl et lugi Wil 8 Sy pe a0 b e GRS
Jghy s il 00 S oo Sl dae g (ol sulg; sae Gl 4
cuye Gilpli 305 oo Ol plie ezl cel ) Ay Gb (i

Nu 19)

12
— Equation (15)
1L — — — Equation (14)
®  This study (Turbulance flow)
®  This study (Laminar flow)
08
£06 [
X
=
04
02 r
0 L ! L L
0 100 200 300 400 500

Fig. 6 Verification of results
@l i lzel 6 S5

10 ojlosis 17 0551396 (55 (I3 SHlle (S


https://dorl.net/dor/20.1001.1.10275940.1396.17.10.45.3
https://mme.modares.ac.ir/article-15-9237-en.html

[ Downloaded from mme.modares.ac.ir on 2024-04-23 ]

[ DOR: 20.1001.1.10275940.1396.17.10.45.3 ]

e 9 Ylins Lol Lol Sl pianl yg93940 (51a)g) 9 diamgs pF SID S ik )3 9 wx8) Yl SI3E W) )
2000
60 —e—He
1800 F _o oo
50 | — " 1600 | —*—N2
k/“/_""‘ G 1400 |
Cat g 1200 |
30 - —e—He 800 |
—=—Cco2
—_—N2 600
20 1 1 1 1 1 1 400 I 1 I 1 I 1 I 1
2 10 25 45 105 125

6
p(bar)
Fig. 12 average Temperature differences between the wall and the
working fluid of He, CO2 and N2 at different pressure

19 ST, rold (sl olss0 5 ole Jloow Lawsgie (slos CidLs 12 S8
Sglie slo Lid

rd i RS L eele b oo Rl )l Jl oy Az
5 aeaSTeo,S Al Ll 1) Lo GMsl oy 2aS wyl syl Uil
Slod B azs jo 5 Wb gy Syl Jl cuype 58 o5g
Ayl (6 i

3 0 il |y oyl glos 5 ol Jlo slos lpis "13 S"
ssboles ars oo lad 4l bol; 120 Guls 8 5 L 9 jLad o Jlew
b glaliode BB glis Jlaw 3 42 010 (slod ol mieiea IS0 5] oS
— 600 el ol Lo ' SIS (6lod 53 bl Eglis 5 35 K305,
Lo g 05l (o iy glas Lo iy Juily sae iy cde 4y as]
e @l 4 azg b oojlo | las sles o teS Juily 0 teS 28l
s (o3l 5l el b e SIasl o o g cdul sae (gl ool Cawoas
5 "4 S el sas slgii (23) B 20) alal, oles g5, b
ey g Sl sae gl ookt Ak, 5 v @l "5 JS!
s o lis |y Sasl

Sl 5 5 ulsls sae gllas AT3.87 m s bl asels o
el 0.23-7.567. § 0.48-8.077. 55 & 0 o s 0 g (g00s
g ol sae gl oas al)l Ly Gl ge b olie @ 4z L
olyz o Shol coys 5 el sue ol slazel L6 1, Skl
5 i g sae 4 Ll b wmg obulr anls Sy s Glug

410 —=&— Wall Temperature of He
—&— Wall Temperature of CO2
390 &, —— Wall Temperature of N2
NI - —e- - Bulk Tempemature of He
370 ¢ ‘\1'-.2‘_ . - -+ — Bulk Temperature of CO2
350 ‘o - '.h_::“‘:"“_“]?lﬂ-lf T;Empemhlre of N2
~. e I Mot SRS |
é 330 | ~e R i ot

0 20 40 60 80 100 120 140
L(m)

Fig. 13 variation of bulk and wall Temperature of He, CO2 and N2
versus heat exchanger length

15 558 3 SemSl o0 eakd 0150 5 ol Jlows slos Sl pnis 13 S
Jowe Jsb

! Bulk Temperature

10 opless 17 0951396 5o (o) Sulle Swiie

6%—) (rad/s) 8

Fig. 9 average heat transfer coefficient of He, CO2 and N2 at different
oscillating frequency

25 53975 3 3l spels Lasie 5 JUi 2 9 S
Dglite plusi sloguils 3

60
> _./-—’—"—'
- _H’/*/“”_‘
45

M40

[~

~ 35 ¢
30 - —e—He

—8— (02
25t ——N2
20 L 1 L 1 L 1 L 1
25 45 65, (rad/s) 35 105 125

Fig. 10 average Temperature differences between the wall and the
working fluid of He, CO2 and N2 at different oscillating frequency

15 9S50, el (61t 00330 5 el Jlow Lavsgie (slos s 10 S8
Sglite Glogi slals b

Sl 1y bl oyl JUSl o o G yeS

2 dele Jbws 3 52 gy, o 1y jlas 5112 gt 5 ML s
lpesis W, jshite onl sy awo e lis 4l L obol, 120 Ll
el o0 iy 19 57 53 i 4 s L s ge sla el

(Seolnd ajsSy Gl 4 e Jlw 3 50 o jled sl
335 o0 JHln d0e 5 iz jalan ) sae (ule Ol JUl o yo

—e—He
1800 [_g (O2
1600 r—%— N2

400 L 1 L 1 L 1 L

6
p(bar)
Fig. 11 average heat transfer coefficient of He, CO2 and N2 at different
pressure

bo)led 1o (5,55 5 2enSI600S peele bawgie &)l Jlal o 11 S0
Sglaie

10

364


https://dorl.net/dor/20.1001.1.10275940.1396.17.10.45.3
https://mme.modares.ac.ir/article-15-9237-en.html

[ Downloaded from mme.modares.ac.ir on 2024-04-23 ]

[ DOR: 20.1001.1.10275940.1396.17.10.45.3 ]

Ubed 9 Ylins Lol

LB Sl il yg590 slag) 9 Alwgs (pF A )3 uliS j3 9 wad) Ylpd G33e w0

JESl G po plog 58 5 Jlad Gl boses e (LaS @b
50 Wb Glidl cdul sae g o)l g Jule Jlaw oo B (o)l >
JBl oy oyt sl pude il oo prals SKasl (o o5 J>
SeeSlgainyS Sl o)lps g Jale Jlw slod WS ( 7teS 5 )l >
Sl Jlw 3 50 SBlasl o po 5 cdulisas gl lalal, caleiys o)l
0.23-8.077. sl jlaie L 2.96-212.50 _ic> jalen; Sas odgumme
oo Ll ade 4 aenSTlgo o, cal Q-I IS bl canl oads slpiiny
O30 9 ke & Cd SBaol (oo iS5 Sl soe o i
el ol S35 Ll s (sl g pemmlie Sl

e S 4e8 -10

b o o 2lmls als A,

Sl SBlaol g o Ct

Sl 0,90 50 Kl SKlaol oy o Crt
m) ks D

WmM2K1) Slol> o)) Jlasl ey po h
(M?s7?)  Suad] St (65 K
WmIK?) olse o)l Jasl oo k
m) Jsb L

cdwls sae Nu

s dm o S5 P

(kgmls?) Lus p

Jily sae Pr

Wm?) s> L q

ez jsh ) das Re,

K) Lo T

(K) oyl53 5 ol Jlws slos 3D AT
©) by t

(Mms?) ce s u

S e g S5 v

m) Jhow olul> asls x

g mdle

S A

M%) S2ad] S (5550 STy &5 €
Lo oaus amy o JS0 0

kgm's™t) Salus e I

Mm?s?)  Solaiw cj) v

(kgm?) s> p

azasl il vae 1%

was] Cuedl sas O¢

Obej dmer JS8 T

kgmis?) o)lso (55, (o p 5 Tw
() gl 0,90 N

(radst) ;lug wlS w

1 $YL

Lugio Hlade —

365

250
------- Equation (21)
[ Equation (20) >
200 p --=--- Equation (22 ="
LA N2 R
150 f " CO2 e
o [ e He % m
<y N
“"j\- A -
Z 100 [ ‘,-.,«l
f A
50 ,
O 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 100 200 300 400
Re,

Fig. 14 variation of average Nusselt number of He, CO2 and N2 versus
the kinetic Reynolds number

DAL ey (3595 9SS 16305055 el rsgie Sl o By 14 JSCS

JPRNEE pRVPCeR:
0.02 -
Equation (23)
e He
0.015 m CO2
A N2
5 0.01
0.005
0
0 100 200 300 400
Re,

Fig. 15 variation of average Friction coefficient of He, CO2 and N2
versus the kinetic Reynolds number

oy 3595 9 S 163051, e Lawgie SBlasl (o ol s 15 IS

sz jégi ) due

Syl (g Jilyy sae
Nu = 8.24 Re%52Pr2 296 < Re,, < 24.32
pele (20)
Nu = 4.52 Re%65Prz2  100.59 < Re,, < 374.69
SeaSlgocn,S (21)
Nu = 4.79 Re%67Pr2 57 < Re,, < 212.50
0395 (22)
Cs = 0.0193 Re;03**  2.96 < Re,, < 212.50
039 9 demSlg30n)S qole (23)

Wb oo Gali8l il e g piuim jalein ) sae maliEl L cdul sae
039 4 S 2enSli530n S Moo RS Sasl o oS >
300,18 (6 ity Sl dae g sdiz g, dae LSS byl ld jo pud g
bl a5 I 50 o)y (55008 SKlasl oo g oy cdul soe ass
oSy kb e July sas g A el sae S il
Syl 1y Sl Cu o (g s 9 Sl e () eS

S 5 4ot -9

G Oyge & Sl jgise sldlgl g angy (S s Sleg b >
i 3 aeeSlg300 ol e Jlw B sl 5,5 1,3 aallas 50
120 590 60 30 glasgl; WlS,34 45,9 3753 5 L84 o
5 dole Jloos slos S sl oyl JES) oy 4l s oo,
A 03,51 Cwddy Shasl o o g duli sue o0)lg0

10 ojlosis 17 0551396 (55 (I3 SHlle (S


https://dorl.net/dor/20.1001.1.10275940.1396.17.10.45.3
https://mme.modares.ac.ir/article-15-9237-en.html

[ Downloaded from mme.modares.ac.ir on 2024-04-23 ]

[ DOR: 20.1001.1.10275940.1396.17.10.45.3 ]

Ubed 9 Ylins Lol

LB Sl il yg590 slag) 9 Alwgs (pF A )3 uliS j3 9 wad) Ylpd G33e w0

[12] A. A. ElI-Ehwany, G. M. Hennes, E. I. Eid, E. El-Kenany, Experimental
investigation of performance of an elbow-bend type heat exchanger with a
water bank used as a heater or cooler in alpha-type stirling machines,
Renewable Energy, Vol. 36, No. 2, pp. 488-497, 2011.

[13] A. A. EI-Ehwany, G. M. Hennes, E. I. Eid, E. El-Kenany, Development of
performance of an alpha-type heat engine by usingelbow-bend trasposed-
fluids heat exchanger as a heater and cooler, Energy Conversion and
Management, Vol. 52, No. 2, pp. 1010-1019, 2011.

[14] M. Kousa, K. Saari, A. Kankkunen, T. M. Tveit, Oscillating flow in a stirling

engine heat exchanger, Applied Thermal Engineering, Vol. 45-46, No. 1, pp.

15-23, 2012.

[15]W. T. Tang, Study on Heat Transfer of Laminar Oscillatory Flow in Circular,
PhD Thesis, Zhejiang University, Hangzhou, pp. 45-51, 2013.

[16] G. Xiao, T. Zhou, M. Ni, C. Chen, Z. Luo, K. Cen, Study on oscillating flow
of moderate kinetic Reynolds numbers using complex velocity model and
phase Doppler anemometer, Applied Energy, Vol. 130, No. 10, pp. 830-837,
2014.

[17] G. Xiao, C. Chen, B. Shi, M. Ni, Experimental study on heat transfer of
oscillating flow of a tubular stirling engine heater, International Journal of
Heat and Mass Transfer, Vol. 71, No. 1, pp. 1-7, 2014.

[18] C. Pan, Y. Zhou, J. Wang, CFD study of heat transfer for oscillating flow in
helically coiled tube heat-exchanger, Computers and Chemical Engineering,
Vol. 69, No. 9, pp. 59-65, 2014.

[19] R. Gheith, H. Hachem, F. Aloui, S. B. Nasrallah, Experimental and theorical
investigation of Stirling engine heater: Parametrical optimization, Energy
Conversion and Management, Vol. 105, No. 5, pp. 285-293, 2015.

[20] M. Ni, B. Shi, G. Xiao, Z. Luo, K. Cen, Heat transfer characteristics of the
oscillating flows of different working gases in U-shaped tubes of a Stirling
engine, Applied Thermal Engineering, Vol. 89, No. 9, pp. 569-577, 2015.

[21] H. Farzi, A. Keshavarz Valian, A. Batooei, A numerical investigation of
Nusselt number and friction coefficient in an arc-type Stirling engine heater,
Modares Mechanical Engineering, Vol. 17, No. 4, pp. 85-91, 2017. (in
Persian .,l5)

[22] Y. Kato, Sh. Saitoh, K. Ishimatsu, M. lwamoto, Effect of geometry and
speed on the temperatures estimated by CFD for an isothermal model of a
gamma configuration low temperature differential Stirling engine with Flat-
shaped heat exchangers, Applied Thermal Engineering, Vol. 115, No. 5, pp.
111-122, 2017.

[23] M. Hooshang, R. Askari Moghadam, S. Dlizadeh Nia, M. Tale Masouleh,
Optimization of stirling engine design parameters using neural networks,
Renewable Energy, Vol. 74, No. 4, pp. 855-866, 2015.

[24] H. K. Versteeg, W. Malalasekera, An Introducting to Computational Fluid
Dynamics: The Finite Volume Method, Second Edittion, pp. 72-88, Pearson
Education Limited, 2007.

[25]1 H. A. Kyung, B. I. Mounir, Laminar/turbulent oscillating flow in circular
pipes, International Journal of Heat and Fluid Flow, Vol. 13, No. 4, pp. 340-
346, 1992.

[26] T. S. Zhao, P. Cheng, The friction coefficient of fully developed laminar
reciprocating flow in a circular pipe, International Journal of Heat and Fluid
Flow, Vol. 17, No. 2, pp. 167-172, 1996.

10 opless 17 0951396 5o (o) Sulle Swiie

Lw gy

oo Jlow SIL b
gl 2> i
lugio lade m
S o ey max
i t

o,lg0 w
&lpw-11

[1] E. G. Richardson, E. Tyler, The transverse velocity gradient near the mouths
of pipes in which an alternating or continuous flow of air is established,
Proceeding of the Physical Society, Vol. 42, No. 1, pp. 1-15, 1929.

[2] M. Kanzaka, M. lwabuchi, Study on heat transfer of heat exchangers in the
stirling engine: performance of heat exchangers in the test stirling engine,
JSME International Journal, Vol. 35, No. 4, pp. 647-652, 1992.

[3] M. Kanzaka, M. lwabuchi, Study on heat transfer of heat exchangers in the
stirling engine : heat transfer in a heated tube under the periodically reversing
flow condition, JSME International Journal, Vol. 35, No. 4, pp. 641-646,
1992.

[4] T.W. Simon, J. R. Seume, A Survey of Oscillating Flow in Stirling Engine
Heat Exchangers, NASA Contractor Report 182108, pp. 1-126, 1988.

[5] X. Tang, P. Cheng, Correlation of the cycle-averaged Nusselt number in a
periodically reversing pipe flow, International Communications in Heat and
Mass Transfer, Vol. 20, No. 2, pp. 161-172, 1993.

[6] T.S. Zhao, P. Cheng, A numerical study of Laminar Reciprocating Flow in a
pipe of finite length, Applied Scientific Research, Vol. 59, No. 1, pp. 11-25,
1997.

[7] T.S. Zhao, P. Cheng, Experimental studies on the onset of turbulence and
frictional losses in an oscillatory turbulent pipe flow, International Journal
of Heat and Fluid Flow, Vol. 17, No. 4, pp. 356-362, 1996.

[8] T.S. Zhao, P. Cheng, A numerical solution of laminar forced convection in a
heated pipe subjected to a reciprocating flow, International Journal of Heat
and Mass Transfer, Vol. 38, No. 16, pp. 3011-3022, 1995.

[9] M. R. Mackley, P. Stonestreet, Heat transfer and associated energy
dissipation for oscillatory flow in baffled tubes, Chemical Engineering
Science, Vol. 50, No. 14, pp. 2211-2224, 1995.

[10] P. Bouvier, P. Stouffs, J. P. Bardon, Experimental study of heat transfer in
oscillating flow, International Journal of Heat and Mass Transfer, Vol. 48,
No. 12, pp. 2473-2482, 2005.

[11] U. Akdag, A. F. Ozguc, Experimental investigation of heat transfer in
oscillating annular flow, International Journal of Heat and Mass Transfer,
Vol. 52, No. 11-12, pp. 2667-2672, 2009.

366


https://dorl.net/dor/20.1001.1.10275940.1396.17.10.45.3
https://mme.modares.ac.ir/article-15-9237-en.html
http://www.tcpdf.org

