PHOENICSA—H¥—h> 77 L > X2013

20134108118 (£)
HREEERI+—S5 L 55 RH6F G602

= By F—FEARBEART— NI & 3 ERBEED

: BB R

—(CEERESICRIZFTAT—IHEDFE—
M=—1 BFEz2. BE BS. FENkE*

IEEAS T AL E—ETEHEF . SHASE, HBMAREHER., ‘CHAM-Japan

1. #8

0T —7HARE (AT —/LE)N AT — LI & D EEEE X Ok
%, VbiEBHAAEENE | EibleEVrE, RAAEGE A (DNB)EELE 2 B & M2 3 5
2O T, FICRABGE R (CHR) RAME 2 #m T A2 OICEETH 5,

BB i & FEERIF (ITER) MR AT 2 & A /N— XD & B R AU, Kie
AR ENICERREORY T—7 2B A LAY —NLnHIBICL A2 HLDTH 5,
AAFZE it PLHOBGRIAfENT = — FPHOENICSZ L. FEBrRS: & Rk
(2, B0 T =7 AHENRA T — LI L 2 5L EMa g & R Rk OB g
BT 21TV, EERAICEH L= S NKD AT — Ltz L A B EVE T R,
EEBAREFR R ERIEL., AV — A x B2 T2V 7 7 — L KO Bl
N, BEIEBE S (G2l L, MR ITEEEBE S (Ve )wenz AN L
TEROEZRET B, 1

M & N O RREIRHE T DIZBBFZE T,



T— IV B E SRR
FD1. KANWFREHEETIVICE I BREE

: T T — T :
[ Water Heat Transfer Process

[ Heater Diam. 1.2 mm Pre-Pressure 1
| 101.3 kPa None (Case 1) |

| Saturated Condition —-— 5MPa (Case 2) |

Steady-state
Critical Heat Flux

Fully Developed
Nucleate Bolling
(t=215) (b")_—

A \V ((:)) /"
oS A @ *1/ . .
& . 3 ]
(b‘}é\ (Gl /\
Theoretical 4 » @e ]
Conduction ‘gg‘-} Steady-state

Curve 7 Natural Film Bolling -
Convection

e s el sl

10° 10 102 10°
ATsat (K)

Experimental Data
Platinum
d=1.2 mm
Ls=72 mm
P=101.3 kPa
Saturated Condition
Pre-Pressure
None (Case 1)
5 MPa (Case 2) 2




2. EXPERIMENTAL APPARATUS AND METHOD
2.1 Experimental water loop
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Fig. A Schematic diagram of experimental water loop.



2.2 Test section F—H

i s
(PHE I 3 D~
Test Tube xsussm o
o N
Material o
oPt hrr‘n -
Cu =
Twisted tape I’//,/U//‘: =
w=5.6 mm {'4
=372 mm / a3l Test Tube
— — -
ek T @ T,
— . ; ©
;2,1_38 SR R I o = <]1 "' E Fig. C Photograph of the SUS304 twisted-tape coated with alumina
9 K\ i
T e clieeian D (] VY] . thermal s_praylng. _ - -
A susso4 | 3 The swirl velocity, ug,, was defined by the inlet flow
R velocity, u, in consideration of the decrement of flow
S | . IGER cross section and the increment of flow length by the
3 3rd Potential tap  — ¥ twisted-tape as follows [7-9]:
4 4th Potential tap A Twisted tape o zd 2 (4 2 + 27;2 )0_5
@ : Thermocouple e N Uy, = X y (C)
(P) : Pressure Gauge zd? - 4Wé ; 2y
: Differential Pressure N CD%e
Gauge 3
Cu :Copper-electrode-plate
BL : Bakelite
Fig. BVertical cross-sectional view of 6 mm inner diameter test
section with the twisted-tape insert.
The inlet and outlet pressures were calculated from the
pressures measured by inlet and outlet pressure
transducers as follows:
P =P —{Pu) —(Pr) e
in — Tipt ipt Junh opt \,Iznh Lipt L Lopt (a) T
P,.=P, _(pin — Py, )x T (b) 9001 20 BKU
pt Fig. D SEM photograph of the Platinum test tube for an inner

where L, .=0.063 m and L,,,=0.063 m. diameter of 6 mm with commercial finish of inner surface.



2.3 Method of heating test tube e The heat generation rates of the Pt test tube with

Heat Input Control Block twisted-tape insert between the first and forth potential
—— taps and between adjacent potential taps were
Hegt It switch | Amplifier [ = calculated from the measured voltage difference
po—0 —>— o between the first and forth potential taps and between
- b I adjacent potential taps of the Pt test tube, and that
Pover across the standard resistance.
signal S [Matiplier]e ¥ eThe surface heat fluxes of the Pt test tube with
L T MOvider v twisted-tape insert between the first and forth potential
Comperaore—— . " v fl | ;[ja}r]gfs and bke)tween aﬁlja%ent potential taps are the
_ ifferences between the heat generation rate per unit
Datta Processing Block Test FeaterfiBlock surface area and the rate of cr?ange of energypstorage
_— i in the Pt test tube obtained from the faired average
Computer R$3 V temperature versus time curve as follows:
D/A A/D V dT
e ||oe] s | o i 0= 20~ "
Imaging wf| at” l—b )
Camera no | eThe heater inner surface temperatures of the Pt test
TR e tube with twisted-tape insert between the first and
NV R:] Vj‘fi:i—— Tube forth potential taps and between adjacent potential taps
i T were also obtained by solving the steady one-
12 channels ﬂ dimensional heat conduction equation in the test tube
B dhulss = under the conditions of measured average temperature
Fig. E Measurement and data processing system. and surface heat flux of the test tube. The solutions for

eThe average temperature of the Pt test tube with the Inner and outer surface temperatures of the Pt test
twisted-tape insert was measured with resistance tube with twisted-tape insert, T and Tg,, are given as
thermometry participating as a branch of a double follows:

bridge circuit for the temperature measurement. (e an x[ of oo~ ) o 1\ 4__4}
eThe average temperatures of the Pt test tube with =T = -7 7a 4r°{r°['m° 2) " (""' 2]} =) (e)
twisted-tape insert between the first and forth potential 9 (_2?n)

taps and between adjacent potential taps (first and 2GRV
second potential taps, second and third ones, and third . __ = - s x[ of o1 1) oy 2\ 4_,4}
and forth ones) were calculated with the aid of = °'~ a@-¢ra 4r°{r°('nr° G ZJ} =) 0
previously calibrated resistance-temperature relation, qrr2

i 1-2Inr,
respectivelv. 22—y L= 2in)



3. NUMERICAL SOLUTION OF TURBULENT HEAT TRANSFER

3.1 Fundamental Equations for k-& Turbulence

Model with High Reynolds Number Form
Theoretical equations for k-& turbulence model [10] in a circular tube of d=6
mm with the twisted-tape insert shown in Fig. 3 were numerically solved by

6 mm

d

L 70 mm
Le 333 mm
Lex 233 mm
L

636 mm

using PHOENICS code under the same conditions as the experimental ones. 4
(Transport Equation for k) Cylindrical coordinates (r, 6, z):

pE (k) P12 (vk) P (1K) =

Twisted tape

w=5.6 mm

»1=370 mm

§.=0.6 mm

H=180 deg twist pitch
=20 mm

Lid
T

10 w) k| 10 k| o | ok 1

?5{(*‘*;] ar}ﬂ—%{[”* Jaa}+a{(“+a_kja}+”(Pk+“““) @) | G

(Transport Equation for g) Cylindrical coordinates (r, 6, z): N

Pa—gﬂ) —(vis)+p -0 98)+p —(v,8) = Yo Tin At
ot r o6 H 0 60

10 w) ol 10 w\oe| o w ) oe ey z o8

; ar{(ﬂ+a—8}5}+r—2£{(ﬂ+ J60}+E{(ﬂ+a_gj 6Z}+P (CreP +Cgel}, —Cpee) (2) ~

Energy Equation), Cylindrical coordinates (r, 6, z): A, 2 Plriyeitee] i@sie el A R
( oh oy =i - CY ( ) 3.2 Boundary conditions

0 10 0
Pt T oo Vi + o g V) oy, (vih)= The fundamental equations are numerically
10 {(l MJ aT} 10 {(“C M]m}i{[ﬂ“pm]m}m (3) analyzed together with the following boundary

vor |" e ) ar [T 50 o6 o |\*" e o conditions. On the outer boundary of heated
where y K2 section: constant heat flux, and non-slip
v, =C, k", 4), €=Ca7— (5 condition.
) , o q=-A— =constant (9)
; ﬂH[%j YETIANLY }+[£ﬁ+%_v_ej or

K or roe r oz rog or r R

At the outer boundary of non-heated section:
v, 1ov,) (v, ov oT h
+[E*?%J J{ar 62] 1 (6) e (")

At the lower boundary:

+T9—--,10

= gap 10p op
b or ree oz

7, "=%T (8

- P T=Tp V=0, v,=0 and v, =uforin-flow (i)
Ao =2 + 4 (9), oo (10)  where T;, and u are a inlet liquid temperature and
V,, Vyand v, are the r, &and z components of a velocity a flow velocity at the entrance of the test section.

vector, respectlvely



3.3.

Control volume

cut-cell algorithm

N
S

3
s
ST

5,
S
e
.
ettn

25

e
S
e

O

RN
SR
i

DY

S e
S

-_‘_‘.‘n‘

T
SR
hee%y:
“‘“’

4
T
=

%
3

.:.
150X
75
o
S
A

N
T
T
o

AT
AT

ssvstttionill

lm!'
Il

T ll'f;,'

S

o
7
i
‘;"l.l T
LT

gl
Q““u LA
SN,
S
s,
O 0:,‘
S
y,
A

ok

<o
2525
s

<)
X
=
25
555
0%

S
0,0

O
s

0;,
e

g
G55
o

o
H

7
/7
]

I
i
i

/]

I
7

iy,

(1)

<\

i
Wi oy,

/7
.

//

'7/1
Il

Fig. F twisted-tape 3D geometry-data for (I) into the
PHOENICS-VR editor and (11) the cylindrical coordinate grid.




4. EXPERIMENTAL RESULTS AND DISCUSSION

4.1 Experimental Conditions and Parameters used for Calculation
Steady-state heat transfer processes that caused by exponentially increasing heat input, Q, exp(t/z), were

measured for the Pt circular test tube with a SUS304 twisted-tape insert. The exponential periods, 7, of the
heat input ranged from 6.04 to 22.33 s. The decrease of the exponential period means an increase in the rate
of increasing heat input. The initial experimental conditions such as mass velocity, inlet liquid temperature,
outlet pressure and exponential period for the pressure drop experiment and the turbulent heat transfer one
were determined independently each other before each experimental run.

The experimental conditions were as follows:

Test Tube Number THD-F169  Iwisted-Tape Number T12

Test Tube Material Platinum Twisted-Tape Material SUS304
Inner Diameter (d) 6 mm Width (w) 5.6 mm
Heated Length (L) 69.6 mm Thickness (Jr) 0.6 mm,
Wall thickness (o) 0.4 mm Total Length (I) 372 mm
Effective Length (Lg) 592 mm Pitch of 180° rotation (H) 20.34 mm
L/d 11.6 Twist Ratio [y=H/d=(pitch of 180° rotation)/d]  3.39
L,./d 0.87 Electric Insulation Alumina thermal spraying
L, 19.6 mm, L, 20.0 mm, L, 19.6 mm

Surface condition Commerciaf finish of inner surface

Surface roughness 0.45 for Ra, 2.93 for Rmax and 1.93 um for Rz

Pump Input Frequency (f;) 9.50 to 28.65 Hz

Mass Velocity (G) 4120 to 13570 kg/m?s

Flow Velocity (u) 4.0, 6.9, 9.9 and 13.3 m/s

Axial Velocity (u,) 4.51 to 15.08 m/s

Swirl Velocity (ug,) 5.39, 6.93, 13.38 and 18.03 m/s

Reynolds Number (Re,) 2.379x10% to 8.582x10%

Reynolds Number based on Swirl Velocity (Re,,) 3.913x10% to 1.572x10°

Inlet Pressure (P;,) 866.52 to 945.86 kPa

Outlet Pressure (P,,) 852.27 to 858.04 kPa

Inlet Subcooling (AT, i) 144.68 to 147.05 K

Outlet Subcooling (AT, o) 132.05 t0 139.81 K

Differential Pressure (AP) 9.416 to 76.681 kPa 8
Inlet Liquid Temperature (T;;)  300.13 to 305.78 K

Exponentially Increasing Heat Input (Q) Qqexp(t/z), 7=6.04 to 22.33 s



4. EXPERIMENTAL RESULTS AND DISCUSSION

4.1 Experimental Conditions and Parameters used for Calculation
The parameters used for calculation were as follows:

Inner diameter (d)
Heated length (L)
Entrance length (L,)
Exit length (L.,)

Test section length (L)
Heat flux (q)

Inlet flow velocity (u)

Inlet liquid temperature (T;,)
Coordinate system

Control volume

Physical model

Twisted-Tape

Width (w)

Thickness (o)

Total Length (I)

Pitch of 180° rotation (H)
Twist Ratio

6 mm

70 mm

333 mm

233 mm

636 mm

2.69x10° to 2.77x107 W/m?

(0o exp(t/7), ==20.04 to 21.14 s)
4.134,7.225, 10.05 and 13.628 m/s
300.13 to 305.78 K

cylindrical coordinate (r, @, z)
number (28 to 32, 60, 978)

cut-cell algorithm

k-& turbulence model with high Reynolds number form

solid with smooth-wall friction
5.6 mm

0.6 mm,

370 mm

20 mm

3.33



4.2. Inlet and Outlet Pressures, P;, and P_,, and Pressures Measured by the Inlet

out?
and Outlet Pressure Transducers Pio: and P, for TTI Tube
6OO_III'\L|IIII|IIII|IIII|IIII|IIII|IIII_
- umerical Solutipn Experimental Data .
B Twist 3D std Prqperty N0.|7436 J1300
500 m50-P-30 s Elapsedtime=146.4 s
- —fe=smooth-pall friction| P;\¥915.42 kPa . =
4007 pooge 0 kpa | 11200 &
O \\ Twisted Tape Pol=80747kPa | 1 =
g L 1100 &
X 300 inF302.48 K ] 2
o - 2.33s ] a-
N =13.38 m/s ] =
200 f-=0.0190488 | —{1000 22
N . f
100:— o —:900
B L'rc :
O_I I 1 T O O I O N P | |T|-T| m\r’ 11 800
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Z(m)
Fig. 3 Z-axis distributions of pressures measured, Py, Py, P, and P, for

T,,=302.48 K, u,,=13.38 m/s and f-=0.019 compared with numerical solutions of
liquid pressure, P.

The inlet and outlet pressures for the test tube with the twisted-tape insert were
calculated from the pressures measured by inlet and outlet pressure transducers as

follows:
{( } Lipt
|pt wnh opt wnh Llpt + L+ Lopt (a)
L
P.=P —(P,-P_ Jx——
out in ( in opt)>< L+ Lopt (b) 10
where L;;=0.063 m and L,,,=0.063 m.



4.3. Inner and Outer Surface Temperatures, T, and T,,, Heat Fluxes, g, and Heat

SO!

Transfer Coefficients, h, for 1st, 2nd and 3rd Positions of Three Sections,
and Inlet and Outlet Liquid Temperatures, T,, and Tout, for TTI Tube

T T T T T T T T T T 777 T T 1 T T _1 4[)(10 ]
= T Experimental Data -
- | No. 7436 .
Y 450 L o © Elapsed tlmen%ﬁ 6s41.2 [Xlo ]
=L T | 89118360'\9% :
I— B © |n a 7]
= | —e > |Pieiearkea Gy
3 Us,=13.38 m/s -
= T 4: gs ©=22.33 5 1 ~<
= 400—/ N — A R £:=0.0190488 1 A
s | A > 7y T —0.8 E E
= - ™ & = o Tzo . S <
? B h A g E ; ;
= L . 5 3 A h —H0.6 = <
|_‘7’ - - B T, and Toy . o c
TEM _L.———7"7 O T¢ -
z’ 350 ettt 104
LLl i = L Numerical Solution
- | AL eff Twist 3D std Property ]
- |/ m100-TEM-60 s B
] T _ | out —0.2
PO e i N $EM .
3001 T 9
N THETEENEETE 1S SRS 1S AR 1 i I T
0.34 0.36 0.38 0.4 0.42 0.194

Flg 4 T, and T, q and h for three gegtlons and T;, and T, for ==22.33 s at
W—13. 38 m/s compared with numerical solutions of TEM, T;, and T,
The temperatures 01_5 the heater inner and outer surfaces, T, and T,,, on the test tube with twisted-tape insert can
be described as follows:

_ T an 2} 2 _i__z __i I PSP | R L (-

T, =T(r) T 4(r02—ri2 )Zﬂx{mo {ro (Inr0 2] I; (InrI ZJ} (0 f )} 2(r02—ri2 M(r, 2r; Inr,) (e)
_ = qr; 2], 2 L 2 __l (e _2)| qrir02 _

Ty, =T(r,)=T —4(r02 —riz )zﬂx{mo {ro [Inr0 2) ri (InrI 2]} (r0 ri )} —2(r02—ri2 ),1(1 2Inro) (f)

The surface temperatures on the test tube with twisted-tape insert, T,, were calculated from the analyzed
liquid temperature of the outer control volume on the test tube surface, TEM, which is supposed to be located
on the center of the control volume, by solving the heat conduction equation in liquid as given in Eq. (j).

=q(A4r )y /24 +TEM
The average liquid temperatures, T; ., were calculated from the analyzed liquid temperatures of the control
volumes on the r and @-axis grid numbers for each z-axis grid number. Those become linearly higher with an

increase in the z-axis distance, Z, and become almost equal to the outlet liquid temperature, T, at the exit of
the heated length.



4.4. Steady-state Turbulent Heat Transfer Characteristics for TTI Tube

| — Experimental Data ] | — Experimental Data i
SF7430 ] L SF7433 _ | '
. Pt Tuisted tape . P oLl Authors' steady-state turbulent
= = W=5.0 mm _| | = =9. | H
10°k tjffffdsggzg?‘m G5 U 10° |_sz:/:d59§28;nm dr-06mm heat transfer correlations for
NI " =3. H=20.35 . & " =J. =2U0.50 mm .
= - Pr=866.5 kPa y:H/d:S.rf?Qm . = F Py882.3 kPa y=H/d=3.39 the. circular tl_JbeS with various
S [ Tn00ik . = - T,=300.9K 1 twisted-tape inserts
= B Us,,=5.39 m/s . = - Us,,=9.38 m/s +30% 9 0.08 014
=22.14 s % =22.08 Py =0 :
o 10" - —th. (17)in Ref. 3 A E o 10} - & <r) nRef3 /.10% Ny, = 0.02Rel® pro* Lerr A1 (11)
u atu=3.98 m/s Ay10% 3 - Ll //////Boiling Initiation 3 d Hw
N Boiling Initiation —w” ] - TT1 Tube 1) and (12) 4777 3
- TTI Tube 74 . [ ey 2 1 2 2 2105
o (handizy /// ical Soluti 1 [ 4!/”/!(1 ical Soluti Re,, = Rey zﬂd e G e ) (12)
, fANUmMerica 7
10° /7 Tuist 30 sid Property 10°E 47, Twistap stdProperty 7d’® - 4ws; 2y
= | e | (Ar)out=0.02794I mnT F I(Ar)out=0.01646 rlnm =
10 10° 10° 10 10° 10°
AT, (K) AT, (K)
Fig. G Relationship between g and AT [=(T,,,-T )] for Fig. H Relationship between q and AT, [=(T;,,-T,)] for
circular tube of d=6 mm and L.4=59.2 mm with circular tube of d=6 mm and L.=59.2 mm with
twisted-tape of y=3.39 on u,=5.39 m/s at P;,=867 kPa. twisted-tape of y=3.39 on u,,=9.38 m/s at P;,=882 kPa.
109: T IIIIII| I I IIIIII| I I IIIIII| = 109: I IIIIII| I I IIIIII| I I IIIIII| =
-— Experimental Data J -— Experimental Data ]
N SF7436 ] N SF7440 . ]
B Pt Twisted tape i i Pt Twisted tape ]
| d=6 mm w=5.6 mm i | d=6 mm w=5.6 mm ]
—~ 108 Le”:ds—gézs;n " ?—|Tf2()663?m — 108 Le”:dsgézsmm ﬁ—:zooﬁs?mm
SN S L £ 10% b ke yeridsss 3 Authors' steady-state turbulent
S E TSk - S F T¥58K 1 heat transfer correlation for
= 9233 5 +30% - = e +30% 1 the empty circular tube

/
= i : /
Eq. (2.7) in Ref. 3 /:10% - - —Eq. (17) in Ref. 3 L,/ -10%
7 atu=9.89 m/s Fo
10 Boiling Initiation —=/>
TTI Tube Ny 44
—Eos. (11)and (12), 7,7

107 L7 Tub%t u=13.32m/s , 7,

L -0.08 0.14
Nuy =0.02Re(® pr % (—) (ﬂJ
d My

B ., Aumerical Solution L ),;"j,// Numerical Solution - (17) in Ref. 3
s #/77 Twist 3D std Property - L 7/ Twist 3D std Property -
6 | % | (Ar)out:0.01304| mm 6 j,‘/ | (Ar),,=0.0085 mm
2 10 10° 10° 2 10 10° 10°
AT, (K) AT, (K)

Fig. 5 Relationship between g and AT [=(T;,,T.)] for Fig. | Relationship between q and AT, [=(T,,,-T,)] for 12
circular tube of d=6 mm and L.=59.2 mm with circular tube of d=6 mm and L.=59.2 mm with
twisted-tape of y=3.39 on u,=13.38 m/s at P;,=911 kPa. twisted-tape of y=3.39 on u,=18.03 m/s at P;,=947 kPa.



4.4. Steady-state Turbulent Heat Transfer Characteristics for TTI Tube

B | IIIIII| | | IIIIII| | | IIIIII|
| —Experimental Data
L SF7430 i
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108 L d=6 mm w=5.6 mm _
= L =59.2 mm 81=0.6 mm =
<0 E L.s/0d=9.87 H=20.35 mm 3
& - P, =866.5 kPa y=H/d=3.39 ]
E [ T,,=300.1 K 7
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- 107 r 1=22.14 s +30% N
- — —Eq.(17) in Ref. 3 L "4 1o =
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- T Tube ¥ .
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, . Numerical Solution
106_— 4«77 Twist 3D std Property -
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Fig. G Relationship between g and AT, [=(T;,,-T,)] for

circular tube of d=6 mm and L.4=59.2 mm with
twisted-tape of y=3.39 on u,=5.39 m/s at P;,=867 kPa.

Authors' steady-state turbulent heat transfer
correlations for the circular tubes with
various twisted-tape inserts

Le —-0.08 0.14
Nuy = 0.02Re® Pr“[—ﬁ} (ﬂJ (11)
d Hy
7d? (4y*+27%)>°
Re,, = Re
. ¢ xd? —4ws, * 2y (12)
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| — Experimental Data

L SF7433 |
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d=6 mm w=5.6 mm
L¢=59.2 mm 01=0.6 mm
Less/d=9.87 H=20.35 mm
P,,=882.3 kPa y=H/d=3.39
T;,=300.9 K
Us,,=9.38 m/s
1=22.08 s

= —Eq. (17) in Ref. 3 ,/(/,,_10%

atu=6.93 m/s . e
TTI Tube ok Boiling Initiation
/

—Egs. (11) and (12) 57,

+30%
/

/////Numerical Solution
10° 10°

106:— =~ Twist 3D std Property —
AT (K)

(Ar),,=0.01646 mm 3

Ll L1l n
Fig. H Relationship between q and AT, [=(T;,,-T,)] for
circular tube of d=6 mm and L.4=59.2 mm with
twisted-tape of y=3.39 on u,=9.38 m/s at P;,=882 kPa.

Authors' steady-state turbulent heat transfer
correlation for the empty circular tube

Nu, =0.02Re%® Pr 0-4&‘)_' (ﬂ] ~ (17) in Ref. 3
Hh,



4.4. Steady-state Turbulent Heat Transfer Characteristics for TTI Tube
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— Experimental Data
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I—eff=59-2 mm
Ls#/d=9.87
P;,=911.2 kPa
T;,=302.5 K
Us,,=13.38 m/s
1=22.33 s
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H
(@)
~
I

/
at u=9.89 m/s /.//;10%
Boiling Initiation —»»/7
TTI Tube Ny /4
—FEos. (11) and (12),57)7

_/'////
/‘//4//I<Iumerical Solution
Twist 3D std Property -

////
4777
Ll /I////I Ll 1

10°

(Ar),,=0.01304 mm
10 10°

AT, (K)

10°
Fig. 5 Relationship between q and AT [=(T;,,~T.)] for
circular tube of d=6 mm and L.=59.2 mm with
twisted-tape of y=3.39 on uy,=13.38 m/s at P;,=911 kPa.

Authors' steady-state turbulent heat transfer
correlations for the circular tubes with
various twisted-tape inserts
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L=59.2 mm 67=0.6 mm
108 L L/0=9.87 H=20.35 mm B
S P..=947.2 kPa y=H/d=3.39 =
E T;n=305.8 K a
L oss T 30% :

- - - -Eg. (17) in Ref. 3
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Numerical Solution

E Twist 3D std Property -
j: (Ar),,=0.0085 mm
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Fig. | Relationship between q and AT, [=(T,,-T)] for
circular tube of d=6 mm and L=59.2 mm with
twisted-tape of y=3.39 on uy,=18.03 m/s at P;,=947 kPa.

Authors' steady-state turbulent heat transfer
correlation for the empty circular tube

Nu, =0.02Re3® Pr°-4(a")_' (ﬂ] ~ (17)in Ref. 3
Hh,
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4.5. Thickness of Conductive Sub-layer, o-¢. , and the Non-dimensional Thickness of
Conductive Sub-layer, y*~g , for Steady-state Turbulent Heat Transfer on TTI Tube
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[ _‘_ [ T ' \: A (v esorL for AT; =100 K for AT, =100 K
- (AD) o/ 2=85 I f5 I i n - —— Eq. (28)in Ref. 1 Eq. (14) .
300_ Th$c(igness ,%f Conduptrve Sub- Iayer : i S _._%3: 83% in Ref_ 1 Eﬁ: 823
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o tCL:jcgleductll\\;le ISubllayer r (mm) Numerical Solution ) ] ] % u g_lm/
tfaﬁggoar{ :'F-:gwg/;%rg?;ratum Fig. 6 Relationships b&twee SL (Vs )tem and (yres)r for the
_ . dominates. _ turbulent heat trans{er ntimerrcally sojved, and u,, with ATL 100 ﬁ
Fig. J Liquid temperatures in the conductive sub-layer for T €Se numerica utions 5CS CS,_ em an

_I_hcwfular g?e of d=6 i with tW{F]tedttag[e I h (Y*cs )y for the circular tube with the twisted-tape of
e liquid temperatures on the test tube surface in the y—3"33 for the u, of 5.39, 9.38, 13.38 and 18.03 m/s

conductive sub-layer will become linearly lower with %,
a decrease in the radius by the heat conduction from SEIN 103 SIS %y e followmg S IOE

the surface temperature on the test tube with twisted- Soq =59.12x 107°u 0% (14)
tape insert, T=T.-Arq/A,. And let those, T;, equal the o1
analyzed temperature ot the outer control volume on (Yes hrem = 13.84ug, for AT =100 K (15)

the test tube surface, TEM, in the inner region of the . 01 _
turbulent flow, which is supposed to be located on the (s I =785, for AT =100K  (16)

center of the control volume as given in T=T- gquation (14), 1/ 85 represents authors'

(Ar)o,a/24=TEM. Half the thickness of the Outersteady state turbulent %eat transfer correlation for the

control volume, (Ar)ouf/2 would become the thickness cjreyjar tubes with various twisted-tape inserts, Eq.
of the conductive sub-layer, &g, for the turbulent heat (11), derived from the experimental data.

transfer in a vertical circular tube under two-phase D008, 014
model classified into conductive sub-layer and inner Ny, = 0.02Re2 pro4[ Leffj [ J (1)
region of the turbulent flow. d Ky,



4.5. Thickness of Conductive Sub-layer, é-5., and the Non-dimensional Thickness of
Conductive Sub-layer, y*~g , for Steady-state Turbulent Heat Transfer on TTI Tube

100 L 1 1 1 LI 1 1 1 | |
- AT, Numerical Solution . -
B 40 K Twist 3D std Property Twisted tape
B 80 K d=6 mm w=5.6 mm
50 2 100k L=70 mm 5r=0.6 mm —
- 120 K L/d=11.67 H=20.35 mm _|
Eq. (31) P,,=866.52-945.86 kPa y=H/d=3.39
- Eq. (32) Tin=300.13-305.78 K 1
Eq. (33) =223
S L Eq. (34) in Ref. 1 .
L
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-
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Fig. K Relationship between (y*cs, )tem fOr the turbulent heat transfer
numerically solved, and Re, with AT, =40, 80, 100 and 120 K.

These numerical solutions of (y*cs )rgm are also shown versus Reynolds number based on swirl velocity and
Reynolds number, Re,, and Re, with the temperature differences between average inner surface temperature
and liquid bulk mean temperature, AT, of 40, 80, 100 and 120 K as green symbols in Fig. K. These numerical
solutions of (y*cg )rem foOr the C|rcular tube with the twisted- -tape of y=3.33 can be expressed for the Re,,
ranging from 3. 913><1O4 to 1.572x10° by the following correlations:

(Vi hew =389Re,,  for AT =40K (31) in Ref. 1,( y&o hrem = 5.00Rel! for AT =80 K (32) in Ref. 1
(V&g hrenm = 5.52Re%! for AT, =100 K (33) in Ref. 1,( Vg ey = 6.10Re%! for AT, =120 K (34 in Ref. 1
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HIGHLIGHTS

* Measure turbulent heat transfer coefficients in a pipe with twisted-tape insert.
* Use a Pt pipe of 6 mm ID and a SUS304 twisted-tape with twist ratio of 3.39.

* Solve numerically turbulent heat transfer in a pipe with twisted-tape insert.

* Numerical solutions are in good agreement with experimental data.

* Clarify thickness of conductive sub-layer in a pipe with twisted-tape insert.

ARTICLE INFO ABSTRACT

The twisted-tape-induced swirl flow heat transfer due to exponentially increasing heat inputs with var-

Article history: . 7 2 "

Received 24 January 2013 ious exponential periods and twisted-tape-induced pressure drop were systematically measured with
Received in revised fc;rm 27 May 2013 mass velocity G=4120 to 13570kg/m?/s, inlet liquid temperature T, = 300.13 to 305.78 K and inlet pres-
Accepted 30 May 2013 sure P, =866.52 to 945.86kPa by an experimental water loop flow. Measurements were made on a

59.2mm effective length and its three sections (upper, mid and lower positions), which were spot

welded four potential taps on the outer surface of a 6 mm inner diameter, a 69.6 mm heated length and
a 0.4 mm thickness of Platinum circular test tube with the twisted-tape insert. The SUS304 twisted-tape
of width w=5.6 mm, thickness 7 =0.6 mm, total length I= 372 mm, pitch of 180° rotation H=20.34mm
and twist ratio y = H/d = 3.39 was employed in this work. On the other hand, theoretical equations for
k-2 turbulence model in a circular tube of a 6mm in diameter and a 636 mm long with the twisted-tape
insert were numerically solved for heating of water with heated section of a 6mm in diameter and a
70mm long by using PHOENICS code under the same conditions as the experimental ones considering
the temperature dependence of thermo-physical properties concerned. The twisted-tape of w=5.6 mm,
&r=0.6mm,!=370mm, H=20mm and y = 3.33 was installed under the same experimental position. The
surface heat flux g and the average surface temperature T,y on the circular tube with the twisted-tape of
¥=3.33 obtained theoretically were compared with the corresponding experimental values on g versus
the temperature difference between average heater inner surface temperature and liquid bulk mean
temperature ATy [=Tyey — Tp, Tp = (Tia + Towe)/2] graph. The numerical solutions of ¢ and AT are almost in
good agreement with the corresponding experimental values of g and AT; with the deviations less than
0% to +20% for the range of AT; tested here. The numerical solutions of the local surface temperature
(Ts ), local average liquid temperature (Tye ), and local liquid pressure drop AP, were also compared
with the corresponding experimental data of (Ts);, (Tsay): and AP; versus heated length L or distance
from inlet of the test section Z graph, respectively. The numerical solutions of , (Trav - and AP; are
within +5% difference of the corresponding experimental data on (Ts);, (Tzay - and AP;. The thickness of
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This is my way of approaching CHF in Circular Tube with Twisted-Tape Insert

1. Fixed Pump Power, PP,,..., and Fixed Pump Discharge Pressure, Py,

Circular Tube Circular Tube with Twisted-Tape Insert
Mass Velocity G=pu kg/m?s Mass Velocity Gg,=pU,, s K9/M=s
Flow Velocity u m/s Axial Flow Velocity u,, , m/s
Conductive Sub-Layer 6 um Swirl Velocity ug, m/s
ois induced by u. Conductive Sub-Layer g, pm

o, Is induced by u,.

6 mm 6 mm
70 mm

d
L
L 333 mm
L
L

()
\y

d

L 70 mm
L 333 mm
L

L

ex

233 mm 233 mm

636 mm 636 mm

()
\J

E ey
] . £ — — 5
= c
) L 3 |- q qg - | [Twisted tape
=>r<§ —>— E - . — —
_./_ e— o 8 w=5.6 mm
) | T 2|I=370 mm
- ()
¥ §.=0.6 mm

H=180 deg twist pitch
=14.34, 20.34 & 26.7 mm

y=H/d
e o =2.39, 3.39 & 4.45
u| T 'rAXiS Gzr:lgglo ug Tin Axis Grid No
= - [ =
1z 978 Fil:
& z K z 978
Fixed PPymns Ppumpa OF Fixed G Fixed PPymo sws Ppumpa.sw OF Fixed Gg, 19



This is my way of approaching CHF in Circular Tube with Twisted-Tape Insert

1. Fixed Pump Power, PP, and Fixed Pump Discharge Pressure, P4
Twist-Tap is Flow Resistance.
G>G
u>u{:IX,SW

The swirl velocity, u,,, was defined by the inlet flow velocity, u,, in consideration of the

decrement of flow cross section and the increment of flow length by the twisted-tape as follows:

SW

wd? (4y* +27°)"°
Ugy = Ug 2 2
nd®—4wd 2y
u=u,, CEOTT7 | (D i
5:55\,\, and 5“:5”,3\,\, § |Le ®s3mm 5 |Le 333w
_ Lex 233 mm < Lex 233 mm
qcr_qcr,sw C) =t L, 636 mm @ - L, 636 mm
2. Fixed Mass Velocity G a ozl o] (D :q§ R
>r<d 3= © —>t<§sw M dsw—>c = Ww=5.6 mm
F)Ppump<|:)|:)pump,swr I:)pumpd<|:)pumpd,sw _’/_D‘_ | - W N &,|:357)o6mm
G:GSW ¥ % - 8.=0.6 mm
[ H=180 deg twist pitch
U=u,, \7 =14.34, 20.34 & 26.7 mm
. / =H/d
u<u,, o (D P Y230, 339 & 4.45
&6‘SW and 6CF>6CT,SW uT Axis Grid No Uy T Axis Grid No
< R r 28-32 ; el r 2832
Thigcirs gcgmmon Knowled &G P o g . e
ge. N " z 978
g, for CT is the same as g, for CT with TT]. 20

Circular Tube with Twisted-Tape Insert has No Enhancement of CHF-.



