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Fig. 1 Schematic diagram of problem and

physical domain of computation
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O TIEZ X v e 0.01 KL RDH0,
FHEKAEHRICOWTIIER TS, Lo TFa—7
BERECIZ TR BDEI 50V ET 5. MAERTIE,
WHE N - IRE - BEOSHN—HETHDL LT
THREERZEEDQENER LT 5. LLEDORE X

v, BRFHFFKROLSIZRD
onthewalls: u=v =20
on the symmetric axis :
v=0, ou/or=0, dT/or=0

attheinlet: v =0, u=uyy,

P=Pin P=Pin T =Tn
at the downstream boundary : p = py
BEME 235 1T 2 BV BE R 513
dT /0r = 0 ; for the tube with adiabatic wall

(12)

(13)

(14)

(15)

(16)
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T =T, ; for the tube with isothermal wall (17)
WMABSFICBIT2EE, £, BE, BEOHE,
Karki?IC X > THRESNEUTOHETEDS. F
DENCBERET 2T, AR nEBBICHD BN
DEHZEp, ERTZEITD. A 1B TS p,,
Ps3 %ﬁﬁ WTAHA t/l/@EEjj (pin)guess %%ﬁﬁﬁé .
TERRL 2B D (Pr)og ZAWT, Bl ¢ + At
D piy &

Pin = w(pl)old + (1 - w)(pl)guess (18)
EEHET D, L o ITEFMRECT, ABFZETIL 0.9
ERWL., X ERENLTF2a—T ADETIIEZ
FaEERETH D EIRE L, R(18)TRO T pi, & H
WTHEEZ t + At D pyy Tin» (W)in ZIROKTEHE
T5

il
Pin — (pin >)/ — (Tin >Y/(Y )
pstg pstg Tstg '
-1
2VRTstg (pin )(y b
U = [——1 =
Y — 1 Dstg

2. 3 BERE
BERAIEN, (BR) PALTDH. TAEH - E
JELCEN - HBVIZ—FEE L L Table 1 (a)DfE Y% H
W3, Haw o BB 1IEWEES, v~/ 785 =
— 7 H A I IR AIE S, FHEARE K
T95. % Z TR IR - BYmEER DR
EEREEEZRO L HIICEBLE

_ (Tref,# + C) T \'*°
H = Href T+C Tref,u ’

T 0.857
A= Ares T
ref,

7272 LR o EIE Table 1 (b)DfE (STt 14), p.402)
Z WD . KR O T Sutherland D= (STHK 14),
p374) Thd. BEERL, EXOHBE 1=
Aref(T/Tref)o'Bé @F-%'f%\ﬁig?)é 15): & 75)%, %%@%

(19)

(20)

Table 1 Properties of working gas
(a) Constant properties
R 296.8 J/(kgK)
cp 1.041 x 103 J/(kg-K)
y 1.399

(b) Parameters of Eq. (20)

Tretp 300.0 K
C 104
Wref 1.787 X 1075 Pa-s (at 0.1MPa)
Trefa 300.0 K
Aref 2.598 x 1072 W/(m*K) (at 0.1MPa)

BOBREREM % L= deg(T/Trers)” LIRELT,

Table 2 |TRTKIREICRIT B BEROHIEE (T
Bk 14), p.402) oHER/N2FETa ZRDZ. Z0O
QRO)NZ L BE E DFEZET Table 2 [ZRTHD &7
D, 173K~373K O#FFHATEREDEZ L <Ll TE
5.

Table 2 Thermal conductivity

T measured A A by Eq.(20) Error

K] [10°W/(m'K)]  [10°W/(m-K)] [%]

173.15 1.59 1.622 2.0

373.15 3.09 3.132 1.4
3. HEHE
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52BZEMTERY. ZFZTARBILTIE Fig. 1
® O-B-C-D-E IZ/RF X 912, WERAER & SR fE ik D
—HEED-HHEICE Y, TOTHRER B-C) I
YWEp, DENEMEEZE 25 Z LT Lic. SMERfEg O
R NERKTH D & & ZOERFMFILREIC
ELV.

HEMBEZ/NELTHD, HERFICEHR
BFEHAWD. Fa—T7HOEOFHERK % Fig.
21T T. ZORTFIIRFEEROE FET % Fig.
1 OfEICEAER L CERSNEZLOTY, Fa
—7NZIR O FR OB TFHREL Z OFmICin 558
TRAEDOHRIZ 2> T D, #FIiXFig. 2 D&k 95 |CEE
EIZES I o2NHNL 2B L HIT L.

F U v® SALE I3 ARG EE S A
BofrgE (R@)OEDE 3, 4 H) OFEIEL
AENTELT, 2—FRMEAAL T 2> T
%. Fig. 212733 &9 CERMHEEFTREISNT
TMTFEEFE TH D0, BF AN ERELRD T,
BFROMBNRRKRENEFT CTELOEREFENS
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Back region

Redge
Micro-tube \1

Symmetric axis

Fig. 2 Aclose-up view of computational grid
(near the tube outlet)
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7.
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4. HEBREBE

4. 1 FEEEmASOMMGEICET HIER
EYEEOWE P EROLIIZERT D
o
ﬁZ%fpmM/fwM, @1)
p=7[paa, T=p/R)

< onE, LA JINVARE, TV, BFREDT T
VM EBERO X IIZEERT D

Ma=1u/ [yRT, Re=rmhD/(Apsyg)
S S v (22)
D-Re-Pryg’ % gy
REFHERE, 2REZROLIICERT D
T, = fpucpTdA/f pudA,
(23)

u?
Tr = (f pcpuTdA +fpu7dA>/f pcpyudA

~A 7 0T o — T EMEERIUCET 2 FREND
DBEREDOM#MA L LT, D=25um, L=200D OF =
—7NZBIT D peg = 500kPa, py, = 100kPa TDFHELHE
2% Fig. 3ITRT. 22T, Fa—7BEmIT, =
310K DEIREE, APRUEIREIL Tye= 300K TH 5.
HWEBEXMOESIZ006Re-D & RELDZ LM
T&A. ZOHITIZRe=3321 kv AAdnrbEB L%
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INE D TR CITEESAITISIEBHRIRICIR .
—J, WAULT =2 —7IZH-> CAR L HAE T
WIS, F=—7 A0 - HOO- vy " EITENENR
Ma;, = 0.122, Magy, = 0.578 £ 725, Z ONEIZ X
>T, [RIKOREFT AN XN EE = R/LFITERE
L, MEPETIEEICREOBENERT TS, 20
BEDOBKRTEBE (Tr —To)/(Tw —Targ) £ 7 VY
BOBREZBEE OFEMHBIRECEL LB L b D
ZFig. 41ZR9. £z, Fa—T7BEER D DEGRE
#Fig. 41077, FEMBREMRETIE, R<HDL
NTWaE91Z, 7L YEOBIMIHEWERTTER
EiXEMmL, 1 IC#Ed5. LonlvAs/anFa—
TOBYRETIE, BRTREEOHEMEREE LY
BbRELS AR, BLXEG=018DLZAT 1 IZZE
+5. LT, Gz> 018 THEKRTEIEEITHEME
B, Fa—T7HB (Gzyy = 0.84) Tit 138 1CF
TEL T2, ERBRAVGETIE, EXRTER
EN 12K Z & THR L BEmOIREZNBBD L,
BRI 0lciE3<. Lirl~vA 7/ eFa—T7 T
Gz> 0420 HHOFE TOFEBTRERBGRENS £
CTWa. ZHixFig. 3 WITRT LS, F2—
THOIZE > TRIEOHBEKTREZ5Z & T,
BEM & N O RN IEERMERE DG A IZIT RV VRE
ENELAAETHD. ZOREIZL - T, Asako
B OOnted 5 LEMOEER] BAEL, ERTe
BEN B2 CTHERTLIOTHE., Zhnva”
0 F o — 7 EREERNOGEBRE BT D AT =
RAIED—DThH.

BE OHEFEBREVGETIE, BONELIEES
LT ERTEEELXFig 40 TERET S
ZENTED. —F, A7 uTa2—T7EMEERN
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T, Fig. 4 ORI OEBOBEEDOAZD LD
2725 DTH->T, BRTERE L 7 LY BOBEMR
WFEOTE (D, L), REEN (peg, ), &
BEEM (Tag, Tw) X2 TEDD I LICEET
é 10).
HEEMBIRAMGETIE, KR TERINDLHX L
MM ERAWCEGERFEHCX 5

Nucony = D4/ (Tyy — Tpp) (24)
I TqIEEERmNDLOEJRER THDH. Fig. 5HIFFE
JTHEBREVMEE L Fig. 3O~ A 7 uF 2 — 7 EHEME
WNOBEZEFNFNIZONWT, Xt ke 7L
YEOBRERLIZLOTHSD. £2Fig. 5T,
Fig. 3D~A 7 uFa—T7EMMERNT TEERGR
N EEE L GELAFERD I BbAM@)T

p=0LL7)ENOXEN MEBLRLTWS. Fig.

5 2R5E, JUVYVEOHEMIRNL, (72 F=
— T EREERNALO X BV M RITEE O L 91T 3.66
WCHRE T 5 Z &7, 0 ETRADT 5. 2,
FEMEBOR O R B CRE T O RIAIRE 2 i < 7l
LIk Y, BEETOREKOBEAREIESICRD

r[m] 200 m/s

==
.OE-

(a) Velocity vector

| -
T[K]: 300 302 304 306 308 310

T 20803 30E03
x[m]

(b) Static temperature

Fig. 3 Velocity vector and static temperature for
the case of D = 25pm, L =200 D, p,, = 500kPa and
p, = 100kPa, T, = 300K and T, = 310K (Re = 332.1)

LS 120 [x10%]
Total temperature .
'E
® compressible %
X incompressible X
=
]
0]
s
Heat flux
(] b R i
0O 0.2 0.4 0.6 0.8 ¢
Gz

Fig. 4 Total temperature and heat flux as a
function of Gz of flow in Fig. 3 (Gz_out =0.84)

it EZLND. —F, FEguR L EEALL
fe~A 7 uF o —JEMEERNLCE, Sedko BN
DB D=, X 'L MKITIEERRBIREVRE X
DHRERMELERS-TWVE. ZNHDI D, ¥
A 7 aF o —TEMEERIL TR, HEBeR OB
BET 2RO EBLIDELTND I ENDN5D.
U bEDEEIY, w47 0Fa—T7EMERLT
X, [EOHBRETICED MBNMoEEy &, HiE
B ORI LD REWOH(L) 2, BURERITH
LCRIBHCEEZRIELTWD I ERDDD5.

15.0 . T T T T T

o compressible
without dissipation

10.0 P e N ]
B >
Z
5.08% . ]
incompressible | 366
® compressible ]
with dissipation )
% 02 04 06 08

Gz
Fig. 5 Nusselt number as a function of Graetz

number for the compressible flow in Fig. 3

4. 2 [EERHE

SERBEN D OBMBERE BT 5700, WiEldE~
A 70 F 22— 7 EMEERALOBIERE rec ZLLT D
Lo EETDH

e = Tad%v;/zz;:dl,b 25)
IR LD, (ZEEETITRL) WREEDEE DK
EHEEENLEIETHDL I EEEFALTRL.
Tadiw > Tadip [FENENEEH TORKIRE, BIV
BAEEHEETH . RQ5DHSFITEER GEE 0)
DRMAEIBE L IRETEHEEDZE, HRITEIRETH-
T, finz%x bR E ot & X OBEE
EEMEER (GEE 0) OREIREICEDOREREL
TWAHPDEEERT. MALOREREEZZE L T
BEFEAZT-oTWED (K@), XEHDEIERR
I I L 2RO ELEEN TN D.
Table 3 IZRTF2—7~1E, REFENE, IR
FEIRE DS DE 458 0 1TxF L, BT % WrEhEE &
LCEEHEZT -2, T LCHERRELD, 7=
— 7 EME COBE Y E, BEREERDT. T
2a—7 AAND TR, Fa—72ED 60%, 80%,
90%, 95%DHIEIZIIT D~ v L EIEREOE
BELDIEZA, Fig 6 DEITRoTe. Tyg=
300K TlX, ~ v 2 0 128V & & o REREI
143 T, = v/ MR 2 DI SN EIEREOMEITR
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DU 2 LT Fig 62355705 K 912, Tyg = 300K

DEEREITT = — 7 HECRE

Table 3 Size, pressure and temperature conditions of the main runs for tubes with adiabatic

EAiz X 57,
< I NEDIIARIF L T D, Ty = 250K, 350K D
BEb, FIFKMIEE D LICEERER~ v O
HIZEFEL TS, R OBEHE/BRED S B,
< N 0 IZE BTV & X DEIEREER X OIFR
77 PAVEIE, Tsg= 250K D & Erec = 1.453,

PN A, LT

Prog = 0.7268 (Ma= 0.020), Tgg = 300K @ & &
rec = 1.431, Prgg = 0.7160 (Ma=0.031), Tyz=350K
7 & Erec = 1406, Prgg =0.7036 (Ma=0.013) Tdh
o7z, EEMRBREBEOEE, EEMRERITST
M BUTHEAET S 07, 2B DEICHOW TR
D LMD LTI DK
HANEONT

D [um] L Pstg [kPa] Py [kPa] Tsig (K]
25,50, 100 800D 200, 400, 600, 800, 1000 100 250, 300, 350
1.48 : : :
| | L |
1.46 |— ‘ ,,,,, . ! ——
- ETRE -ohoe == 5 D [pum] (Tg)
7 | T Tty | !
1.44 ‘ | i + 100 (250K)
] O 50 (250K)
1.42
5 © 25 (250K)
©
O 1.40 <© 100 (300K)
5 O 50 (300K)
3138 A 25 (300K)
O
o X 100 (350K)
1.36
% 50(350K)
1.34 O 25(350K)
—Eq. (27) (250K)
1.32 —Eq. (27) (300K)
—Eq. (27) (350K
155 a.(27)( )
0.0 0.1 0.2 0.3 0.4 0.5 0.6

Mach number
Fig. 6 Recovery factor as a function of Mach number

Table 4 Conditions of the supplementary runs for tubes with adiabatic walls

# D [um] L Dstg [kPa] py [kPa] Tstg (K] Restg Maj, Mag ¢
1 100 200D 130 100 300 182.2 0.064 0.082
2 100 200D 200 100 300 675.4 0.155 0.299
3 100 200D 390 100 300 2132 0.258 0.846
4 100 100D 200 150 300 720.2 0.166 0.214
5 100 100D 300 200 300 1556 0.243 0.342
6 100 100D 390 260 300 2243 0.272 0.377
7 100 100D 550 500 300 1728 0.144 0.155
8 100 300D 160 100 300 271.9 0.077 0.122
9 100 300D 200 100 300 494.8 0.113 0.221
10 100 300D 400 100 300 1817 0.212 0.740
11 100 300D 200 50 300 580.5 0.133 0.500
12 100 400D 180 100 300 294.2 0.074 0.132
13 100 400D 400 100 300 1536 0.177 0.640
14 100 200D 200 100 350 484.3 0.134 0.261
15 100 200D 400 100 350 1674 0.238 0.810
16 10 50D 600 100 300 260.1 0.201 0.914
17 10 50D 800 100 300 402.9 0.236 1.034
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. :
#0.95
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© 0.90 <"
¢ L=50D m L=100D \
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% L=300D ® L=400D \
—Eq. (27)
0.80 | \ | |
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Fig. 7 Recovery factor for the cases of Table 4

rec|ya=o = —0.00151 + 2.00Prg; ~ 2Prg, (26)
InEHAWT, Fig. 6 OEEFREZ LT OEHENIC
FLOLIENTED

rec = 2Prg(1 — 0.161Ma* — 0.377Ma*) (27)

Tog = 250K, 300K, 350K DHEITHKQRT)THLI
Hli#RE Fig. 6 OFIRLTHD. S HITHMER
SED7=, Table 3 TII—EFELLTWEFa—TE
X, EEDOSLMEE Table 4D X HITNVANAEZT
EMOBEEHE T2, ZOBEOEEREE~
o NEOBEGRERQHERE LIz 0% Fig. TR
4. Fig. 6, Fig. TXv, ~A 7 vFa—7EHEHE
TN OEIEFREIZOWT, Table 3, Table 4% &
DL DEET TRONDBRY LD E RSN D.
4. 3 BFAAXtIL M

R XL MRICOWTEERT . FEEMEREE
EEOHE, X' MUIRQY)TERSIND D,
ZZTIRERNEE L 2R D EMEERAEOMIEED
DEYRELZBEES L 12030k 200 TIRES LTV
DESR

Nu = D/ (T — Tadiw) (28)
PRV, TNWEEEX®LFEETAH. 22T,
Todiw IEHTBAVBEIRE C, WA TERT D :

Tadgiw = Tp + rec- %/2c, (29)
RQO)F OEEREIL, K(27)T Pryg ZRATL EH
BTV MEICBEBZ CTHET D ZLIZT 5.
ZOHEMEIE, WERAEOEAIIAREILTF 2 —T72f
THFEEIEE LS L 250, FREOSLEIIER
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Table 5 Size, pressure and temperature conditions of the main runs for tubes with isothermal

D [um] L pstg [kPa] Pv [kPa] Tw [K]
25,50, 100 200D 200, 300, 400, 500 100 310, 350, 375
10.0 T . T . 10. .E; T T : T |
2.0 :- Tsg 25pum 50pm 100um  Dstg ) 2 0 D Tsig |
T 310K —®— —*— —®— 200kPa B °© 25um °© 310K
i —0— —A— —0— 500kPa A SOpm 350K
! —o— —a— —=— 200kPa - : ]
: 6.0} 375K S ] ° 100um o 375K ]
E 4.0 ===-incompressible flow |
2.0
i | -=== incompressible flow (Nugqyy) |
O | 1 | O L | 1 L |
0 0.10 0.20 0.30 0.40 0 0.10 0.20 0.30 0.40
Gz Gz

Fig. 8 The conventionally defined Nusselt
number (Eq. (24)) as a function of Graetz number
(for tubes with isothermal wall in Table 5)

Fig. 9 The modified Nusselt number (Eq. (28))
as a function of Graetz number (for tubes with
isothermal wall in Table 5)

Table 6 Size, pressure and temperature conditions of the main runs for tubes with isothermal walls

# D [um] L Dstg [kPa] pp [kPa] Tstg [K] T, [K] Restg Maj, Magy;
1 50 200D 200 100 250 300 223.3 0.080 0.174
2 50 200D 500 100 250 300 1278 0.188 0.879
3 50 200D 200 100 350 400 108.2 0.059 0.126
4 50 200D 500 100 350 400 685.7 0.153 0.734
5 50 200D 200 50 300 350 182.3 0.083 0.349
6 50 200D 500 50 300 350 916.9 0.169 1.081
7 50 200D 200 150 300 350 90.36 0.041 0.059
8 50 200D 500 150 300 350 897.8 0.165 0.553
9 50 400D 200 100 300 310 95.82 0.043 0.088
10 50 400D 800 100 300 310 1479 0.171 1.057
11 50 400D 200 100 300 375 69.34 0.031 0.070
12 50 400D 800 100 300 375 1161 0.133 0.971
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LOCAL HEAT TRANSFER COEFFICIENT OF GASEOUS LAMINAR FLOW
IN MICRO-TUBES

Shintaro MURAKAMI and Kaoru TOYODA

ABSTRACT : Gaseous laminar flows in micro-tubes with adiabatic walls or isothermal walls were
simulated to investigate local heat transfer characteristics. The numerical procedure based on
arbitrary-Lagrangian-Eulerian (ALE) method solves two-dimensional compressible momentum and
energy equations. For convective heat transfer of gaseous flows in micro-tubes with isothermal walls,
simultaneous effect of static temperature drop by flow acceleration and heat generation near the wall
by viscous dissipation must be considered. So, the simulations were performed first for tubes with
adiabatic walls to obtain the recovery factor, which means the recovery of kinetic temperature to wall
temperature in the radial direction, at any reference point in a tube. Using this recovery factor, local
heat transfer characteristics of micro-tubes with isothermal walls were reduced as the correlation
between Nusselt number and Graetz number, although the definition of Nusselt number is altered as
appropriate for high-speed gaseous flows. The working fluid is nitrogen gas. For the simulation of
tubes with isothermal walls, the Reynolds number ranges from 35 to 2921, and the Mach number at
the tube outlet ranges from 0.07 to 1.08. The tube diameter ranges from 10 um to 100 pm and the
aspect ratio of the tube length to diameter ranges from 50 to 200. The simulations include a wide
range of size, temperature and pressure conditions to make the discussions and the conclusions more
general ones.

Key Words : Convective heat transfer, Micro-tube, Gaseous flow, Local heat transfer coefficient,

Numerical simulation



