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Abstract

Heat transfer rates of a high temperature surface in a 11 shape channel under
forced and mixed convection situation are studied numerically and experimentally. In
order to simulate behaviors of a piston, a 1 shape channel possessing reciprocating
motions is designed for experimental study. Due to the reciprocating motion of the
channel, the problem becomes a moving boundary problem and arbitrary
Lagrangian-Eulerian Kinematics method is used for numerical study. Parameters of
Reynolds number and frequency are used, and different relationships between the
directions of the inlet fluid flow and gravity are considered. The results show that in
the most of the situations the effect of reciprocating motion on the enhancement of the
heat transfer rate of the channel is remarkable. However, as the heat surface is
installed on the bottom surface of the channel, the heat transfer rate of channel can not

guarantee to be improved by the reciprocating motion of channel.
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1. 7 % &% (spatial domain- Q)
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(Lagrangian) A% % %o 2 & 75 Ak A&
8Ly, b RAeT

v =@z, 1)=2,(z)

3. %% @ &# (referential domain > Q. )

w

T T SR R
(Referential ) A:4E % %o FE 5 X

8y, PR FdeT

v, =0(x.1)=,(x,)

(2.2)
n‘:#ﬂﬁ;ﬁ L LBt 7. Bgd R A-BE x, cRE 2R
X; =¥/(Zi’t)=y/t(zi) (23)
Y =, (2.4)
3 ERTAK

*

1.

Rypt slirit ez AR B 2 B 2R8> ALE 2770 a 424 7 =48

i R A R T

o k8i# B (material velocity » u )



_ oy,

T o
2. #gkik B (mesh velocity » o )

Z,

Y
ot

3. ¥ini# B (convective velocity » ¢ )

u=

X

&
otl,

C=

g

o>
Il

D

>

24 Bt

Food 272 btk a K87 U EFET SRRk o

l.

\\\Xr

A RIDT 4o B Sl f T AR K

o _o| o
Ot - ot . Ox, Ot 3
%75—'\ o \:}:lgﬁf ] E_%}E—&lﬁﬁ:y Kox s e /15'
| 2o O
ot|, ot|, Ox, Off,
7T R
u=u +%%
Ox; Ot |,
Al
Ox; \ OX;
YN =(u-u)—’
at z; ayz
BB AN N(3-9)T T E (T Bt 20 o 4 5t
LA A AL
Ot . ot N oy,

2. %3 (Eulerian) & &2 3 % p (Lagrangian) & %&2_ & 3
FI@ o Rypics TRV v E- Slic f 7 R

10

% (Referential ) .22 $. % p (Lagrangian ) & {&2_ $& 3%

(2.5)

(2.6)

(2.7)

(2.8)

(2.9)

(2.10)

(2.11)

(2.12)

(2.13)



g
o,

_ T
o,

oA

2.14
ayi at z; ( )

MmN RS2 s i o 2 R T ANQI)T wE BT A &
v EREE AP (Eulerian) #23 # % p (Lagrangian) & A & 7 e 3 4
a3V 4eT

%4
ot|,

_a

o
o, +u—— (2.15)

oy;

3. %% (Referential) 4% % (Eulerian) & %2 3% #%

s o g, IRV Ao T S f TR &

e (2.16)
ot|, ot|, ~Ox ot|,
£ ¥ S f 11 %£F (Eulerian) AfEdfcy & » » T7 F
i ay ay o (2.17)
6t 8t 8x al b :
7% g
e (2.18)
ox, ot |,
Al
OX, . OX,
Te|. W (2.19)
Yi i

OB AR B A N2.17)T ¥ EE 23 (Referential ) 27 £
(EBulerian ) R &2 s fe B (238 40T

g T

P (2.20)
al, ol

oy;

ALE & ¢ s Ak f Svenfe d 0 BEPIIH O E BT AT T R DY TAR

\\\?{r

3 (referencedomain) } » 43 TR NUETZER U T E FBP E@H 1Y
FRATESY LRF 25T LEFF L RBE o ALE 22 19
(Lagrangian ) ~ % 4> (Eulerian) A& % 3o/ ehfd 2 > o b2

l. $4=0pF:

\\?{.r

+ % %% (reference domain) 292+ 5 e * 4 2 & > ) pF ALE 4
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Wyn g ek £ 3+ (Bulerian) B 1% % $i4pfe o
2. Fd=upr:
PpE R % &3¢ (reference domain) «f5 &3¢ A 22 58 T BLeDiE R Ap
fp > ALE 45 i /n 3 B 22 22 42 % p (Lagrangian) 1%k Sp e o
3. $0#202 d-upF:

P2 Y 7 &3 (reference domain) #5 it jnH-cpLRET S ALE /% o

3

bt
b
9

=usu#02 d#u L FEFI;0

NSY

EHEET L oommu=0>

25}

FEREFL AR - P H AP O PR EREY o dopt B g o A

F’_*

~

ALE 2 Hm# & F P ahE B i rgz #rh o

2.5 ALE 5.5 238
S B R TR it B R T e N A il

v

L A Y

W AR

Oou Ov .

Zi% 0 2.21
ox Oy 22D

i R 2

2 2

p(a—u+ua—u+va—u):—a—p+ﬂ 6_th+6_t2t (2.22)
ot ox oy ox ox~ Oy
2 2

p(@‘FM@‘F @)—_a_p+ 6v+6v (223)

o lox Loy oy e o f

2 2
oT O, (2.24)

8y2

or
C (—+u—+v—)=k
P T TV ) T R

251 BATEIRERT > BHER P & T 850 250
BRI T o E A g A A h FIN R AR eh

TAET NS B ABEER Y 0 RF DRSS 2N i ALE 2 $3#

12



ou ~ OU ~ Ou op o’'u  Ou
Py +H =D 2 =D 2 = =P a5 o) (229)
2 2
AL =iy Zr vty Xy =Py TV T (2.26)
ot ox o oy T ox oy

o’'T o°T
+
o> oy’

B iy hE Tl S ECH AR BB RS RHIEEFRT L8

or 0T . 0T
LT, o oT 2.27
P p[at (-u) Ox @) ay] ( : -
Fl=k S AN T R A T AN

I Sl i 2
oU V.

A ™ 2.28
ox oy 229
el A
2 2
8—U+(U—U)6—U+(V—V)8—U:—a—P+L g [i+a—(f) (2.29)
ot X oY 09X Re oX* oY
2 2
a—V+(U—U)6—V+(V—V)‘3—V:—a—P+L 6V2+‘9—Z) (2.30)
ot ax oY dY _Re dX* oY
BB AR
2 2
%4_((]_(])%4_(1/_1/ %: ! (862’+892) (2.31)
ot oX oY PrRe 0X° 0Y

252 REHMERT > BEER PRI & TS 50
AR AR SRR A e T B TR DR Tl S22 1 R
AL 47N (2.21)~(2.24)F B A 4T 2 & Fl AL ARl o
W s
ou oV
—+—=0
oX oY

il Al A

(2.28)
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ouU oU oP 1 o0*'U oU

= (U= U—+ V-V)y—=———t— + 2.29
or + ) ( )8Y 0X Re o0X? 6Y2) 2.29)
oV ~ OV oV oP oV oW . Gr
i U-O)ZE—(V -V = 0 2.30
or *( )aX’ ( )aY oY Re 0X* 6Y2) Re? (2:30)

v £ 7 A5
00 ~ 06 1 0% 0%
i U-U)=+¥ -V 2.31
or ( )a + )6Y PrRe(a¥2 ayz) 2.31)
2.6 ®HiE R
BALE 47 0 £ R B R R ET N ER LTS T B el

b R R R R T RGP RO R PR RER -

AL R GRE s REREIRLAZZATHE

1. BHxdRr o B 22972 ()% U=V=0 -

2. BEER ) pRERENEIEA AEBHER ) SRS

\ b

U=0~V=V 4§ 2-2 %7 2 () %

3. AHTEREBEERF B 2220)% AT ERERT NERE R

B EE B RS BRI LSO ALY R R R

o EPREAE 0 @ PR R RMPEA T o
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GENERALLY

1k MOTHON SPATIAL DOMAIN
=== (CURRENT
N\ CONFIGURATION

OF Q,)
PARTICLE
MOTION ¢,
GENERALLY ¢,
IN MOTION—~, FIXED
/ —
' REFERENCE DOMAIN
MATERIAL Sl
DOMAIN V= $; 09,

®] 2-1 ALE Ji 1% B¢ % ]
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ARy e S Y B 47 T 42 (Galerkin finite element method )

T AEIL AL I ERAE 0 T

- fef) 3 e (penalty function) AT /R
Dol AR BT E RS U Ve 00 SRR
4 & '% ;%2 (backward different implicit method ) o ¢t #b » & * = 3 % &k

(Newton-Raphson ) i% % /% g2 & & = 258 ¢ cn2b 438 c @ R ol R B v

iéll}/\ ;‘_”,g‘-\!:': :'(3::- %’;Q;U‘/% ’ _;Fl_‘ ’E——Fg‘-\!”'*ékflj—;’ ;T\‘-QL"]%‘] 3_1 r_(n_i.,ﬁ.‘ R

3.0 AT s 2l

AR 0 2T

A4 AR LR LT B
(1) 2 iema3 2§ B 2l 2 - a7 v BREA s o
(2 1T En M EALE G S Wk

(3) inHE 2R e s X Ef e iE# (no-slip condition) » 7= T & 5 2

~

RGN BT E R, P REATAEE R AW S B R B A
AR HRALE 557 BV e S B P P 5 28R & (mesh velocity )0 [ & f,

XZﬁ’ Y:Z’ U:ia V:l, VA:l
w w Vo v, v,
_ v T-T
Vo=2e, W=, peBife oot g (3.1)
Vo ) PV w T,-T,
ot gl pe Y plV
vO w 1% a
g AR
oU V
__+g_: (3.2)
oxX oY

ol il I
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oUu oU

2 2
Yy y-p)¥- ok, 10U, 0U (3.3)
or  oX oY oX Relox® oY
o o \NoV  oP 1 (o oV
+ U+ V-V == — +2 3.4
ar X ( )ai oY Re(a)(2 ayzj G4
g AR
o0 o9 00 1 %0 0%
e =P ) (3.5)
61 8X oY RePr oX oY

A U (U=") 22 Eptb Vw2 phdn
Vo

‘T‘J)}" &j:}"“ 7; r\';‘-"% i" ’ T' % * q/;P'ullﬁilN ‘ét’}g\-llﬁ;: El E," «u]ﬁﬂ—s ﬁ_?_

O A e 2 ﬁ,& £ A5 58

] T,
I Nl,£+N,<(Uﬂ+(lf—l7)ﬂj+]\fiép S 0”({+0”[2] dQ=0 (3.6)
o | or X 174 X RelX® o |
| N,.ﬂJer.[Uﬂ (4 V)—j A ar; 512/ =0 (3.7
o | or & Relax® o
2 2
| Nﬁ—g N[Uﬁ v - V)—j— Vi (96,991 =0 (3.8)
o | "o X PrRe\ &>~ &Y
B#C SRR RS FEA Y FEFE A RIL L
j N, dQ j P N, dr—j o i T (3.92)
A RS
j N, a—ParQ=j P Nn dr—j P Yo (3.9b)
Loy r. y o, oY
j 52]@ j Niﬂdr—j N U (3.10a)
E ﬂv e ﬂv Qe aX aX
[~ mjdg j Niﬂdl“—j N U 4oy (3.10b)
o, gy Lol oy o oY o
[~ N/ Ni@dr—j N 0 (3.11a)
o 1 ax Lol ax o0 aX ax
[ a4 Ni@dr—j NV 4o (3.11b)
o, 1 py? Y .« oY oY
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99 [ ON, 26

= (3.12a)
X 0. X 0X
j —j ON, 99 4y (3.12b)
. dY oY
}gv,fg/,,\—\ﬂupzéjar‘f :
| Nd] Nl(Ui]-k(V N j pi (MU NN
ol o X X RlAXX &
1 a
:R—eJ-DN.EdF—LPMnxdF (3.13)
| zvii/+z\@(ui/+(rf—r>) j N LN NTY
ol ' or X & RAXX &
1 v
:_e'[re]\/iEdF—J‘reP]\finde (3.14)
J' N% Ni(U%+(V—I} 59j+ 1 %%jL%%j do
o ot X dY ) RePr\ 06X 0X oY oY
1 00
= N ar 3.15
RePrIFe ' On (3.15)
I # ) S B KRR A IE g BB TRV
_—ﬁ(ﬁ+@] (3.16)
X
PN (3.13) ~ B.14)% 5
[ Z (Do ) G A D) LN N,
o or X a) T\ a X & &
7jzv dr - jp n.dl (3.17)
f [MW+M(UW+(V—I})WJ+ é]\ﬁ[d]+é{/J+l[d\f 0’V+d\7 d/ﬂdg
o | o X ) "o\ a XX & &
%
ZEJQME‘ZF_LPWY"T (3.18)

PP ERIL Y 0D 0 AP g RoA RS A S AR e T o
7 q)m+l :q)m _I_&D s E]IJ :

m+1 m+1 m
0Lt B pn | 5p PP
2] 2] as a
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m+1 m m
ﬂ) + ®m+l ﬂ) _ ®m ﬂ)
12\ 12\ 12\

— D"

(3.19)

(%)

FEY g oD FoHP DT ALU~V ST25HXS Y 2%

ik g 4e b Fe gk B (mesh velocity ) — 38 0 PIARME T A5 S

_[;' = Vm+l _I} ml =Vm+l m+1 _I} m+l
y_p Y a U U

oY oYy
m+l m m m+l
oy Uy U U U
oY oY oY oY
m+1 m m
_r )y Uy U (3.20a)
oYy
Il Y 2 R AT i (7
m+l1 m m
oY 17)4 oY oY

LD —}‘d-%f.‘]{l?jﬁ“*;ﬁa_ﬁj@-z oo PR féra.é/w\t%;\ié  H A N T
T

q)m+l —CD
@: T+AT T (321)
or At

Db fal o B TT EEMP 2 G A S RS T S

m+1 m+l1 m+1 m m
[ |~ U Nfun X oy Dy U
al At X ¥ x o

+A

dvi ﬂ]mﬂ éyVm-H 1 dvi Of‘)(]m-f-l d\]i d]m-f-l
+ +— + aQ
X\ X 124 Rel X X o oY

[ InYan, g X Y dQ+LI N,.w dr-[ P Nndr — (3.22)
Q At X oY Re’. * L.

m+l1 m+1 m+l m m
J NI anfur oy g Xy
Q, AT @( aY @( ﬂ/

d\[ Ofl]m+l an-#l 1 ﬁv Onym+l d\[ Wm+l
: +— dQ

+1— + +—
o\ X 124 Rel X ax oy or
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_j N X X dQ+ij il dr—[ PNn,dr
X P Re'. ' o
m+1 m+1 m+1 m m
f Nie +N|U" 44 +(V"’—I})a9 pum DOy 0
o AL X e X Y
m+1 m+1
R N 2 A 2 R | P
RePr{ ¥ o a o
_j U’”ﬁe O o jN,ﬁe dr
X 174 RePr L. h
PR TR Ty & Tt 2 238 > HTHEL T oA o
PEHIAELA B ARSI B S AR
=[NJ{u} (3.25a)
o = [N]{r)e (3.25b)
0 =[N]{o} (3.25¢)
[N]s =[N N5, - ] (3.26)
U,
, U
vl =1" (3.27a)
Uy
"
Nl
=17 (3.27b)
Vs
0
0
o) =17 (3.27¢)
98

H ¢ 9755k S #ic (shape function) 3% N & 8- X & 42 % > B Skl

‘L‘En—i—;i:;

21
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H

N =2(1-8) (1= 1+ & +7) (3.282)

;
N, %@ £ )(1-n) (3.28b)

= (1) (1=n)g-7-1) (3.280)
No=o (&) (1-n") (328
Ny= (14£)(1+7 )¢ +n-1) (3289
No= (162 )(147) (3.281)
N, =21 (1-£) (17 )46 =1) (3.289)
A%:L%(l—f)(l—nz) (3.28h)

WiE IR T o v hd B RSN RS F 2 s £ d B AR

BREEAT > Fd PR ETEDRSE NN E - A2 B gt

Hd@+MFHﬂUFWMW=UW> (3.29)

7= v {q}(e) :[UI’Uzv""USa VI,VZ,---, Vs]t

[Cl94 s s Us Ve s 2 &
[K]92 @ d By pk o e BRI e 2 45
upi%¢@ﬂ&&zﬁ%gﬁi%@’

9+ 2me oo £ 2@t o

FARGE RPN 7 AF R E A H - LS AR PING29)% 5 -
([c]+[K]+A[L])ig}=1r} (3.30)
1\?’*/'}%‘/’: H (& TE é'&“ﬁﬂ ﬂE’\%’*fi }? &}%‘4\7”’- ¥ B T > A7

A AR AR S g A T E

[]{6) = ()" (3.31)
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20 09=[0.0,,..,6]

g AFZ R ARNEEET

[M16}=1r} (3.32)

32 REHIRT chAH S BN
TR AT AR R T IR
(1) * et o 3§  Br 2t g0 s ek 52 a3 v BRigh
R
(2 &milﬂm'E7T’%7lﬁﬁﬁ€*ﬁ¢%§””’ﬂ%§ﬁﬁ

Ty
B) £4 y>w £ AR A & * Boussinesq iT i fj it o
(4) i RE2 R % K EF %2 (no-slip condition) > 7 T # G 2
A R S EEG 2 EH R o
rETABET ER Y N RRBRT, e E TR w L BAER BRI
£ B ¥ ALE 5% A28 f§ it hoT 5 H P 9 545 8hi# & (mesh velocity ) [ & f)

x=%, v=L -y -" p-_"
w w VO VO VO
= 5 T-T
Vc:_Lv Vm:v_m: P:p IZOC, T:&, 0= L (333)
Vo Vo PVo w I, =Ty
3
F =1 LC=Z—“, Re=""" pr=", Gr= 52 zTO)W
Vo w 1% 14
g 42
ou _or (3.34)
oX oY
wE AR
2 2
8—U+Ua—U+(V V)aU el a(i+a—lf (3.35)
or oX oY 06X ReloX® oY
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o o oV oP 1 (oW o | Gr
+ UV )= — + +—0 3.36
ar X ( oY oy Re(&XZ ayzj Re? (3-30)

e ® AR

2 2
% 00 - V)%: 1 (8 62? . 0 62’
or OX 0Y RePr oX oY

) (3.37)

A0 (O=L) s gnpar- sopetn
Vo

FI* B g3 V242> TR ¥ A SEN, G A Sl Bl R SES ARSS
T A T 2 ff A 550

j M@+N{U§+(V—I})QJ+N&P & 0"(2] 5(2] Q=0  (3.38)
o | or X oY X Re@( 174

B 2
j N,.ﬁJer. Uﬂ+(V—I;’)i +N§P P, ﬂV aV) GNO in-0 (3.39)
Q, . or X oY

X  Re| X2 0”Y2 Ré?
) .@'+N( ﬁmf V)—j— il 5? &f dQ=0 (3.40)
oo X ) PrRe\X® o

- FImE RS Igﬂ t!ﬁ A,\fy;;w»scu,ulag?,a B,jaﬂw Q,g,;;;_,_)fﬁ,;
LRGN R Fp bR e S AR A AT B S TR S

BOALA RN A AL TR EWAR L 2§ A E AR > b A

m+1 m+l1 m+1 m m
I Nl U + N Um 0’{] +(Vm _V) d] +Um+l d] + Vm+1 él]
Q, X oY X

AT 17)4

+A

dvi Ofyl]m+l Onym-H 1 d\,i aUm-f-l d\,i a(]m-f-l
+ +— + dQ
X\ X o X X o oY

N e L | e A o I P S R
Q, At X o T
m+1 m+1 m+1 m m
Q, AT oX oy O’XV ﬂ/
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+A

—I{

m+1 m+1 m+1 m m
f N, 0 +N|U" 44 +(V" =1 Oy DOy
N X P X Y

ﬂv Ofl]m+l an-#l 1 d\/ Onym+l ﬂv Wmﬂ Gl"NﬂmH
+ +—| — + - dQ
o\ X oY X X o o Re’

[U"’W Y H do+ —j N, a4 dr—j PN.n.dl (3.42)
X Y R

m+l m+1
1(@{@ LN, a ﬂdg

+

RePri &X a& o o

_j UMH e L | jN,ﬁe dr (3.43)
X 17)4 RePr . h

PR 2 Ty & Tmt] | 2 238 > B T459:5 TrtAr o

dopt > TR ERE - AF 2 EH S gl

(€] +[K]7+ 2[2]? )i} =) (3.44)
B0 GV U Uy, e, Uy Vs Vasos Vs 6, 0y ooes 6,

[C]l9% 2mpe c Us Veorm sz s

[K]92 @ d B mag e a e B sg frle & 2 48

([cl+[&]+A[L])at=1r} (3.45)
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B 3-1 % @ maes) s 2 a
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Frd BHEAERT A ANHNZUFE SF R

el

B2 AR F
Flr L drin i A4RF F E AR DR E UEFL R PR A B SR &S
PAREERFUZ RS SE A s Y (B EE R 55 R it
BHE R AHF AL > E2 TF LML Y R X 5 A
b AT F AR E Ry LA
4.1 $ @ H50
Bl 4-1 5403 FHEEEE TP RARER 2 7 LB A1 #0147

AR R hE R TR AT S e RS 0 B PRI Rl R] 4-2 or 0 A &R d

[

BIMrEL o ARG N T g AMOR~ » T W A5E g MOFQ > % 8% vk

T Ei OBCP~ I v idﬁ”ﬁﬁgiERGPNﬁjgrgiﬁHRND; FETRS L wo ~
BeFE ARG b > T RERVERRARE w2 T3 W AHF I 420 OP &

MN 2z @ > % 857 #4rd? vk T g SR cr v 3300 > 3%

5
MEEEERE G wo UK T F T ANEE S WA 2 SRR FE I
Behi g o BERETI w2l S kT EEE wy BE S BCK TAKT FE
Bt o BREGFLT, (T,>T,); §if AR kv e ahfiist 5K 3 507 40
B X 2L T LB 0 ALY B 2 v A e i R
oo EE S RN A AT N
v, =v, sin(27f.t) (4.1)
ey G kTFEnERER v, PIFFERRFER  TFT RS
v, =27l (4.2)
dOCBER T E Y RB T E B RS R RS

Fm it R4 ¥ % % — ¥ “4 it ¢ ALE (arbitrary Lagrangian-
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Eulerian) = j* o

42 e iER B E R E
FRGER S SR E SR EERRN S e [ L 0 D S J0) L S )
PO ESERTS $13 S E A
V.=V, sin(22F,r) )
B g F g A RRE RV BT S T AR

v, =2aF L, w

A7 4o iE
A2 H R F Re IR e Re Be B R G iR B A e 0 1 R E 7
e PF ey -~ BR IR *ﬁ‘*“%‘rsnmk\ R ’?3@%3—_& . =,

Bt g oo

B
/;ILL'E%')‘ T;\g%ﬁ 3
U=0V=1>0=0 (45)

g g R HD

ou_,, o _,, 00

-0 (4.6)

0 7=0 00 _
4 >0 oX

uil

o V:{ 4.7)

p—ka L »fﬁ’?lé }&ﬁgg,gﬁ}gﬁfégﬁﬁ I,{&_)%?LP_}_Q‘!;

a&ifle_Nﬁvﬁ&%@px;fJ OP 1 MN Siedpsr @2 v 54 M o 7 47 57 3 ¢
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y =y (4.8)

Aoy s R S ekslE 5| MN SRS 0 7, 5 OP & MN pEd o

kT H L8 kG OB ~ PC :

0 =0 0860
U=0:V= y Z 2 =0 (4.9)
V >0 0oX

,};;Iﬁgﬁ'r—é}é%‘iF_G;

0 7=0 69
U=0 V= =0 (4.10)
V r>O 8Y

c

KT EERE R MN -

0 =0
U=0 V= » =1 (4.11)
V. >0
H ¥ EEm
U=0 ’V:O’%zo (4.12)
oX
4.3 #FH,ig

BBty AR Bldr B 4-3 0 Fah 5‘?%1\?1 :
I R gaidigd ~ptlparfiR, ROl i
R iEE .
2. FREEE RS RSB ERM (th HIER P A o
3. FEiRRmoRbER - TRASFEEERERT BB
4.  F#rF a4 (Jacobian 2B ~ Ak S Hc E ) o

5. F R fpr RN B D E - R R ER LT Aol

fﬁl—- o
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I jrariE iz g R

B e i A5 e

(D,;] <107 fEPDEAFU VO
BppdhhE REA OB AN 5 F RN
N o
bE - BPEMRAE PR RAF - AR RS S
ou oV

& (Residual = —) YRR B BB

§ P S~T 1 E T hE T R

ﬂiﬁﬁ‘ﬂ m-r;bk’i-} 1 IE‘,,, @%‘1;2;’? ’%gﬁ#‘i—#&é

B 2% % #ic (local Nusselt number ) #_& 4™

00
Nu,
Hx

Heated Surface

FiAe o B EFE

Pr=0.71>2% 345 o

(4.13)

B R ¥eH m enT 5% & #ic (average Nusselt number) T &4

= 1
u. =

= INu aX
Heated Surface
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numerical results( Nu )

experimental results( Nu )

deviations

Re no.| flow pattern| front | middle | back front | middle | back front | middle | back
300 laminar 10.6 5.1 1.4 12.0 58 27 11.2% | 12.0% | 49.1%
300 | turbulent 12.8 6.4 3.9 -6.9% | -11.4% | -43.8%
400 laminar 12.3 6.1 1.5 e o i 20.9% | 17.9% | 69.8%
400 | turbulent 15.7 7.8 4.9 -1.2% | -3.6% | -1.7%
500 laminar 13.6 7.1 1.8 b o ). 28.7% | 23.7% | 68.2%
500 | turbulent 18.1 8.9 54 54% | 49% | 2.3%
600 | turbulent 21.1 10.6 7.0 23.2 11.9 7.1 8.8% | 11.0% | 0.9%
700 | turbulent 23.7 12.0 8.0 25.6 12.2 7.6 7.2% 1.9% | -4.6%
800 | turbulent 26.1 13.3 8.9 28.1 13.5 9.3 7.1% | 1.9% | 4.3%
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Re Gr/Re* AT, (C) F, L, v./v,
Casel 300 0.40 10 0.0 0.0 0.0
Case2 300 0.81 20 0.0 0.0 0.0
Case3 300 1.21 30 0.0 0.0 0.0
Cased 300 1.62 40 0.0 0.0 0.0
Case5 200 091 10 0.0 0.0 0.0
Case6b 200 1.82 20 0.0 0.0 0.0
Case7 200 2.73 30 0.0 0.0 0.0
Case8 200 3.64 40 0.0 0.0 0.0
Case9 150 1.62 10 0.0 0.0 0.0
Casel0 150 3.24 20 0.0 0.0 0.0
Casell 150 4.85 30 0.0 0.0 0.0
Casel2 150 6.47 40 0.0 0.0 0.0
Casel3 300 0.40 10 0.2 1.0 1.26
Casel4 300 1.62 40 0.2 1.0 1.26
Casel5 300 0.40 10 04 1.0 2.51
Casel6 300 1.62 40 04 1.0 2.51
Casel7 200 0.91 10 0.2 1.0 1.26
Casel8 200 3.64 40 0.2 1.0 1.26
Casel9 200 0.91 10 0.4 1.0 2.51
Case20 200 3.64 40 04 1.0 2.51
Case21l 150 1.62 10 0.2 1.0 1.26
Case22 150 6.47 40 0.2 1.0 1.26
Case23 150 1.62 10 0.4 1.0 2.51
Case24 150 6.47 40 04 1.0 2.51
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(1) experimental result (inlet)

| .

(2) numerical result (inlet)
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The analysis of uncertainty for Nusselt number (for Re =300, Gr/ Re’ =0.81,
AT, =20°C, F, . =0.2)

Qair
A,AT,

w

: — w : — .
The Nusselt number is expressed as Nu = -—, and the uncertainty for Nu is

estimated as follows.

ONu _|( 50, 2+(5_w)2+ 04, 2+ 94T, 2+ Ok, 1" (D-1)
m - Quir w Ah ATw ka

1. The uncertainty for heat energy dissipated by a mixed convection

Q.. 1s the heat energy dissipated by a mixed convection, and can be expressed as the

following equation.

Qair = Qm = Qloss _Q712->711 = Q712—>713 _Q712—>714 _Q712—>715 =0.181 (Watt)

(D-2)
And the uncertainty for Q.. is
2 2 2
5Qair — ( Qin 5Qinj 1 [Qloss é‘Qlossj +(Q712—>711 5Q712—>711J
Qair Qair Qin Qair Qloss Qair Q712~>711
2 2 2772
+ [Q712—>713 5Q712—>713 J + (Q712—>714 é‘Q712—>714 j + ( Q712—>715 5Q712—>715 j
Qair Q712~>713 Qair Q712~>714 Qair Q712~>715
(D-3)
A. The uncertainty for input heat energy
The input heat energy is
0., =VxI[=25x0.127=0.3175 (Watt). (D-4)

The minimum sensitivities of the multimters for voltage and current probing are
0.001V and 0.001A, respectively. Then the uncertainty for input heat energy can be

calculated as following equation.
6 oY (orV ] [(0.000sY (0.0005Y]"
O _ (_) +(_j _ ( : ) +( : ] ~0.39%
0. vV 1 2.5 0.127
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(D-5)

B. The uncertainty for heat energy dissipated by heat conduction mode

From the equation of heat conduction Q, =k, x A, xdT/dy, the uncertainty

for heat energy dissipated by heat conduction mode can be expressed as

5 sk Y (54 Y (oarY ( savY ]
%: b + b +(_j + __y s (D_6)
Qlose kb Ab dT dy

where k, and A4, are the conductivity and area of the balsawood, respectively.
(1) The conductivity of the balsawood is estimated from the table of physical
prosperities of material, therefore the uncertainty for conductivity of the
balsawood is approached to 0.
(2) The dimensions of the balsawood are 62.00mm by 12.00mm and the
minimum grid of the vernier caliper is 0.05mm. The uncertainty for the area of
the balsawood is

2 2 1/2
o4, (0.025) +(0.025j = (D-7)
4, |\62.00) \12.00

(3) The maximum temperature difference in experiments is 45.7-43.8=1.9°C and
the measuring accuracy of DA2500E is 0.1°C. Therefore, the uncertainty for

temperature difference is expressed as follow equation.

512
5;_;:{[01._095) } =2.63% (D-8)

(4) The thickness of balsawood is 1.5mm and the minimum grid of the vernier

caliper is 0.05mm. The uncertainty for the thickness of balsawood is

52
()| oo )
34 .

According to the above derivations, the uncertainty for heat energy dissipated by

heat conduction mode is calculated as follows.

% = [(o)2 +(0.21%) +(2.63%) +(~1.66%)’ r/ " 23.12% (D-10)
lose

C. The uncertainty for the heat transfer between heaters (711) and (712)
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From the heat conduction equation, Q.,, ,.,, =k, x4, xdT /dx , the uncertainty

for the heat transfer between heater 1 and heater 2 can be written as

2 2 2 , V2
D _ (ék’"J +[5A’”j +(§de +(—@j , (D-11)
Ori2m k, 4, dT dx

where k, and A, are the conductivity of thermal conductive adhesive and the

contacting area of two heaters.
(1) The conductivity of thermal conductive adhesive, OB200, is obtained from
user manual, therefore the uncertainty is approaching to 0.
(2) The contacting area of two heaters is 62.00mm by 2.00mm, and the minimum

grid of the vernier caliper is 0.05mm. Thus the uncertainty for contacting area is

2 ) 1/2
5 {(0.025) {0.025” By, -1

4, |162.00 2

(3) The temperature difference between two heaters is regarded as isothermal
condition, and then the uncertainty for temperature difference d7" is 0.
(4) The thickness of thermal conductive adhesive is 1.5mm, and the minimum
grid of the vernier caliper is 0.05mm. The uncertainty for thickness of thermal
conductive adhesive is written as

sdx _[(0.025V]"

= l:[Tj :| =1.67% (D-13)

From the above derivations, the uncertainty for the heat transfer between heater
711 and heater 712 is written as following equation.

i _ [(0)2 +(1.25%) +(0)* + (- 1.67%)’ ]I/z =2.08% (D-14)

Q712%711

D. Similarly, the uncertainties for the heat transfer between the heaters (712) and (713),
(712) and (714), (712) and (715) are 2.08%, 2.1%, 2.1%, respectively.

2. The uncertainty for the width of reciprocating channel

The width of LI shape channel is 29.90mm, and the minimum grid of the vernier
caliper is 0.05mm. The uncertainty for the width of testing channel is written as

following equation,
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3. The uncertainty for the area of heaters
The area of heaters is 62.00mm by 12.00mm, and the minimum grid of the vernier
caliper is 0.05Smm. Then the uncertainty for the area of heaters can be written as

2 2 1/2
o4, _ (0.025) J{o.ozsj _021% (D-16)
4, |\62.00) \12.00

4. The uncertainty for temperature difference between heaters and environment
The maximum temperature difference is 19.9°C, and the accuracy of DA2500E is
0.1°C. The temperature difference less than 0.3°C is regarded as isothermal condition,

and then the uncertainty for temperature difference between heaters and environment is

written as
L2
) | e o-17)

5. The uncertainty for conductivity of working fluid
The conductivity of working fluid, air, is known from material chart, then the

uncertainty for conductivity of working fluid is approaching 0.

Substituting the above derivations into equation (A-1), the uncertainty for Nu is then

estimated as following equation.

N 1/2

SNu _|( 60, 2+(5_w)2+ o4, 2+ AT, 2+ ok, )

Nu 0. w A, AT, k,
= [(1.12%)2 +(0.08%)* +(-0.21%)* +(~1.51%) +(0%)’ ]]/ ’ (D-18)
=1.89%

The analysis of uncertainty for Reynolds number

The Reynolds number is expressed as Re = Yo' W

, then the uncertainty for Reynolds
0

number can be written as following equation.
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Re v, w
1. The uncertainty for inlet velocity of working fluid
0_¢ where 4 is the cross

T T

The inlet velocity is estimated by equation v, = y
w-z

section area of the channel and z is the height of the channel. According to the

uncertainty equation, the uncertainty for inlet velocity of working fluid can be estimated
as following equation,

« N2 2 2 1/2
5y K% +(—@] {z) (D-20)

Vo
O is the volume flow rate measured by a flow meter, and the accuracy is 20cc/s. w

and z are 29.90mm and 120.7mm, respectively. Then Eq. (A-20) can be written as

" 5 2 1/2
Sy _ (ﬂj (Mj (%) _1.78%. (D-21)
v, 560 29.90 120.7

2. The uncertainty for the width of channel
The width of channel is 29.90mm, and the minimum grid of the vernier caliper is

0.05mm. The uncertainty for the width of testing channel is written as following

equation,
b 0,025 |
_W:KM] } =0.08%. (D-22)
w .

3. The uncertainty for kinetic viscosity of working fluid
The kinetic viscosity of working fluid, air, is known from material chart, then the

uncertainty for kinetic viscosity of working fluid is approaching to 0.

Substituting the above derivations into equation (A-19), the uncertainty for Re 1is then

estimated as follow

ORe _[1.78%) +(0.08%) +(0%)]” =1.78%.

Re
The analysis of uncertainty for non-dimensional reciprocating amplitude

(D-23)
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The non-dimensional reciprocating amplitude is written as L, =/_./w, then the

uncertainty for non-dimensional amplitude can be expressed as following equation.

2 L2
oL, _ [( dl, j n (_ 5_Wj ] (D-24)
L, [, w

The reciprocating amplitude /. is 30.5mm, and the minimum grid of the vernier caliper

1s 0.05mm.
,2
el (] oo 25

From equations mentioned above, the uncertainty for width of channel is 0.08%. Then
the uncertainty for non-dimensional reciprocating amplitude can be estimated as following
equation.

oL,

= [(0.08%)2 +(-0.08%)’ T/ F20.11% (D-26)

c

The analysis of uncertainty for non-dimensional reciprocating frequency

The non-dimensional reciprocating frequency is written as F, = f, -w/v,, then the

uncertainty for non-dimensional frequency can be expressed as following equation.

5 5 V2
oF, _|[ e +(5—Wj Py i (D-27)
F, f. w v,

It is taken 120 seconds for the channel to reciprocate 120 times, and the minimum time

interval for the timer is 0.1 second. Therefore the uncertainty for reciprocating frequency is

as follows.
V2
% _ [L_OHOOS J } = 0.04% (D-28)

The uncertainties for the width of channel and inlet velocity of working fluid are
mentioned above. Then the uncertainty for Reynolds number is estimated as follows.

oF _ [(0.04%)2 +(0.08%)" +(-1.79%)° T/ " =1.79% (D-29)

c

The analysis of uncertainty for Gr/ Re’

The uncertainty for Gr/ Re” is expressed as following equation.
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The earth gravity and expansion coefficient are both known from material chart,
therefore the uncertainties are limited to 0. The uncertainties for the temperature difference,
width of channel and inlet velocity of working fluid are mentioned above, and are 1.5%,

0.08% and 1.79%, respectively. Then the equation (A-30) can be estimated as follows.

é(%)) i H%J +(%J {MT—T] +(%Wj +[(_z)>< fsvv ”/

= [(o)2 +(0) +(1.5%) +(0.08%)* +((-2)x1.79%)’ ]'/ ’ (D-31)
=3.88%
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