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Abstract

Helium gas is commonly used as heat transport fluid in high
temperature energy system due to its advantage of inert gas. For
designing a compact heat exchanger for such high temperature
energy systems, pressure drop and heat transfer characteristics of
high temperature and high pressure helium flow in small hydraulic
diameter channels, so called minichannels, are in need. In this study,
measurement of convective heat transfer coefficients of single phase
helium gas flow through a circular minichannel has been conducted
to investigate the effect of high pressure and high temperature
conditions. The main objective of the present work was to study the
surface temperature measurement technique using thermocouples and
its effect on the accuracy of the measured convective heat transfer
coefficient. The high heat flux on the outer wall of a circular tube
was provided by radiant heaters inside an electric furnace. The
experimental apparatus consists mainly of He gas booster, pre—heater,
electric furnace, and cooler. The test section tube is a round

minichannel of 140 mm inside diameter and 195 mm heated section,



made of Inconel 600. The ranges of the major experimental
parameters in this study are 20~400C of inlet bulk temperature,
2000~10000 of Reynolds number, 20~180 KkW/m” of wall heat flux.
The tube outer surface temperatures were measured by various types
of thermocouples: junction-mode thermocouples of K and B types in
two different wire sizes and intrinsic-mode thermocouples. Due to
thin thermal boundary layer near the outer wall of the test tube the
large junction bead of the thermocouples (~0.5 mm) caused sizable
errors in the wall surface temperature measurement. The measured
convective heat transfer coefficients inside the tube are discussed in
terms of surface temperature measurement technique and deviations

from the predictions of existing heat transfer correlations.
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Table 2.1

Table 2.2

Table 2.3

Table 3.1

=3
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Turbulent forced convection correlations through

circular ducts with constant properties(Nu)

Exponents n and m for turbulent forced convection

through circular ducts
Turbulent forced convection correlations in circular

ducts for gases with variable properties

Use, property, and element of Inconels
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Fig. 1.1 Schematic of Iodine-Sulfur process

Fig. 1.2 (a) PCHE (Printed circuit heat exchanger) and
(b) PFHE (Plate-Fin Heat Exchanger)

Fig. 2.1 Nu number vs Re number for 1.7 mm

(Owhaib and Palm, 2004)

Fig. 2.2 Nu number vs Re number for 1.2 mm

(Owhaib and Palm, 2004)

Fig. 2.3 Nu number vs Re number for 0.8 mm

(Owhaib and Palm, 2004)
Fig. 2.4 Nu number vs Re number (Adams et al.,, 1997)

1.17 mm

Fig. 25 Nu number vs Re number for Dy

(Agostini et al. 2004)

Fig. 2.6 Nu number vs Re number for Dy = 0.77 mm
(Agostini et al. 2004)

Fig. 2.7 Nu number vs Re number (Qi et al. 2004)

Fig. 2.8 Schematic of experimental apparatus

(Olson and Glover, 1990)

Fig. 2.9 Nusselt number vs Reynolds number

(Olson and Glover, 1990)

Fig. 2.10 Heat transfer coefficient in low mass flux
(Nam, 2006)
Fig. 2.11 Heat transfer coefficient in high mass flux
(Nam, 2006)
Fig. 2.12 Experimental and Predicted Nusselt number for air

(Barnes and Jackson, 1961)
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(Barnes and Jackson, 1961)

Experimental and Predicted Nusselt number

for carbon dioxide (Barnes and Jackson, 1961)

NIST data (Olson and Glover, 1990) v.s. correlations
for helium gas with variable properties

Simple thermocouple circuit
Comparison of the preformed and intrinsic styles of
thermocouple attachments for surface temperature
measurements (Moffat, 1990)

Photograph of flowmeter

Schematic diagram of experimental apparatus
Photograph of cooler

Photograph of gas booster

Schematic diagram and Photograph of the preheater
Photograph of pressure drop transmitter

Schematic diagram and Photograph of the test section
Average error of thermocouple for 300C

Average error of thermocouple for 400C

Average error of thermocouple in furnace

Pressure drop vs. Reynolds number

Mass flow rate error vs. Time
Thermal boundary layer thickness at outer surface of

test section in furnace

Estimated thermal boundary layer thickness v.s.

natural convective heat transfer coefficient
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Fig 1.1 Schematic of Iodine-Sulfur process

Fig. 1.2 (a) PCHE (Printed circuit heat exchanger) and

(b) PFHE (Plate-Fin Heat Exchanger)
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% <1,n=0.11 for heating liquids (Nu) (2.3a)
b

Z“" > 1,n = 0.25 for cooling liquids (Nu) (2.3b)
b

(10' < Re < 5x10°%, 2 < Pr, < 140, 0.08 < (p,/t;) < 40)

T <L %(7—%) for heating liquids (f-factor) (2.4a)
b cp b

Lo 1,—L = (ﬂ)o.m for cooling liquids (f-factor) (2.4b)
oy fcp Hy
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Table 2.1 Turbulent forced convection correlations through circular

ducts with constant properties(Nu)

Remarks and

Author Correlations
Limitation
Rep=>10000,
L/D>10,
0.7<Pr=<160
Dittus— S s T ST 0.4
= S m - N=U.
Boelter Nup= 0.023/2"°Pr
(heating)
T<THn  n=0.3
(cooling)
0.7<Pr<16700,
Sieder- Y . 4/5.1/3( 0-14 Re > 10000
Tate Nup = 0.027 /e Pr ( US) €= )
L/D>10
Petukhov (A9) RPe Pr 0.5<Pr<2000,
: Nup = 1/2 2/3 4 6
-Kirllov 1.07 + 12.7(A2)"*(Pr“°)—1 | 10°<Re<5 X 10
Better at high
Pr and this
(A2) ReP
Webb Nuyp = 107 + 977 (gPrr—l)PrflM one the same
at other Pr,
smooth tubes
m=0.88-0.24/
(4+Pr)
Sleicher- e n=1/3+0.5exp
Rouse Nup= 5+ 0.015R"Pr (~0.6Pr)
0.1<Pr<10*
10'<Re<10°
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Table 2.2 Exponents n and m for turbulent forced convection

through circular ducts

Fluid Condition n m Limitations

10" < Re< 1.25%10° ,
Liquid| Turbulent heating| 0.11 - 2 < Pr < 140,

0.08< 1, /n,<1

Liquid| Turbulent cooling | 0.25 - 1<1,/u,<40

104 < Re< 23x104,

Liquid|Turbulent heating| - -0.25 1.3<¢ Pr<10%,

0.35 1, /u,K1

Liquid| Turbulent cooling - -0.24 1<, /0,K2

10"< Re< 4.3x10° ,
Gas |Turbulent heating| —0.47 -

1< 7,/ 74<3.1

Gas |Turbulent cooling| -0.36 - 0.37< 7°,] 74<1

14x10* < Re< x10°

Gas |Turbulent heating - -0.52

1< 7°,] T4<3.7
Gas | Turbulent cooling - -0.38 0.37< 70,] 7,<1
Gas |Turbulent heating| - -0.264 1< 7, 7,<4
Gas |Turbulent heating| - -0.1 1< 7,/ 7,24
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Table 2.3 Turbulent forced convection correlations in circular ducts

for gases with variable properties

Comments and

Correlation Gas
Limitations
7o 30< L/d <72,
Nu,=0.023 #"° Pr0'4< 7,”/)
o _ 7x10°< Re <3x10°,
) Air
Tw/ Th, <1, n =0 (cooling) 7
, 046< L2 <35
Tw/ Ty, > 1, n = -055 (heating) 7
20< L/d <72,
7\ 05 , 1.24x10°< Re< 4.35x10",
Nup=0.022 R Pr0'4( 7‘—) Air
b
7
1.1< =2 <17
7, 3
% Air,
Nup=0.023 £ Pr“( Ty ) 12< Lo <29
7 helium, 5

n =-04 for air, n=-0.185 for helium, |carbon-| 4X10°< Re < 6x10',

n=-0.27 for carbon dioxide dioxide | L/d >60
7‘!” —-0.5
Nup=10.021 £* Pr“( /) L/d >30, 1< <= <25
b Air’ b 71& b
7\ 05 ) . 4 . 5
Nle: 0.021 ]1960'8 Pr 0.4( ?ﬂz) hehum’ 1.5x10°< Re <2.33x10 y
b
nitrogen L/d >5,
AL
x [l—l- ( a’) ] local values
7o 80< L/d <100,
Nu,=0.021 R* Pro-"( ) . _
? 7 , 13x10°< Re < 3x10°,
Nitrogen
7, Va
= —(0.9 log % + 0.205) 1< Lo
¢ Y
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Table 2.3 (cont.)Turbulent forced convection correlations in circular

ducts for gases with variable properties

Comments and

Correlation Gas
Limitations
Nup=5+0.012 #e * For gases
<( Pr,+0.29) 0.6 < Pr <09
Nu,=0.0214(£"* —100) Pr’* 0.5< Pr <1.5, for
. heating of gases; the
70\ 045 2/3 .
5" 1 Aille gy
7 L author collected
helium,
the data from the
carbon— .
Nu,=0.012(2"% —280) Pr’ g literature;
dioxide
7\ 04 a3 second for
( ﬂ) —— = 15< Pr <500
N ,=0.022 25 Pri , 10°< Re <10’,
Air,
7, —10.2940.0019Z/ & heli
( fé) S 18< 1 <316
L/d >40,
o 1.24< % <754,
Nuy=0.004 £ Pr'{ ) s
’ 183x10°< Re <2.8x10°
_ 0.8 0.4
Nup=10.023 re, Pr, Properties evaluated at
_ 7| Nitrogen
Nou,—=0.024 R Pr0'4( Tw) wall temperature,
: 7
’ L/d >24
L —-0.7 Tw 0.7,
Q9 7] ]
12< L/d <144
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Fig. 2.10 Heat transfer coefficient in low mass flux

(Nam, 2006)
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Table. 3.1 Use, property, and element of Inconels

ZIAA A2

FEAE
2w = 8 R |u NG =
R | 1000PSI =
(UNS No) (%) (g/cm)| & H 1000Psi
(Mpa)at
(Mpa)
0.2%offset
INCONEL| Ni 79 auA, 13E 9
80-100 30-50 |HoE A4 o
600 Crl5.5 8.42 | Annealed qddd 97,3
(550-690) | (210-340) |2o] Aol WaA
(NO6600) | Fe 8 o] o2
Ni 60.5,
INCONEL
601 Cr23 n h 80-115 30-60 |4 e U PR PSR
. [
Fe 14, (550-790) | (210-340) | T T
(NO6601)
Al 14
Ni 52,
INCONEL| Mo 9
617 CRE2 il .36 " 7 P sl
) . [
(760) (350) |7 T
(NO6617) | Al 1.2
Co 12,5
Ni 61 Aol A 980°C
INCONEL ’ 9] JLA =
625 Cr 215 844 . 80*115 80*115 701__1};9}_ o] géy LH)\\_]_'
Mo 9 ' (550-790) | (550-790) [*H% A =A=T
(NO6625) 2= Aol ¢
Nb+Ta3.6 N
INCONEL | Ni 60 s o] shshor
80-115 80-115 |x 4 o a0 3o
690 Cr3o | 819 g ff;f;l “o g
(550-790) | (550-790) e T
(NO6690) | Fe 9.5 WA A S e
) -250°Ce] A&
Ni525 M700°Ce] et
INCONEL| Mo 3 A e dmS
80-115 80-115 |YEM = A= A
718 Crl9, 8.19 Aged ggaow AR
(550-790) | (550-790) |AtejelAle] &
(NO7718) Fel85 o] 7]_%:. 9809(:77]_
Nb+Ta 5.1 A WAkskAd o] §
_"’:

_37_




Table. 3.1 (cont.)Use, property, and element of Inconels
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Flowmeter Differential
Pressure

Gas booster cooler

Fig 3.2 Schematic diagram of experimental apparatus
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Fig. 3.3 Photograph of cooler

Fig. 3.4 Photograph of gas booster
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500 mm 402 mm.

300 mm

Fig. 3.5 Schematic diagram and Photograph of the preheater

Fig. 3.6 Photograph of pressure drop

transmitter
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Furnace

\h

Union cross L] o
fitting
/":.‘:nallj
Thermaocouple I Vs R
(#Hex) 18.5 cm
/'T ':nall_1
40 cm
e -
10 cm

‘III

10 cm

Fig. 3.7 Schematic diagram and Photograph of the test section
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Fig. 3.8 Average error of thermocouple for 300C
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Fig. 3.9 Average error of thermocouple for 400C
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Fig. 3.10 Average error of thermocouple in furnace
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Mass flowrate error (%)

] 35 bar
1.0 4
0.8 -
- ]
Q
~ 0.6 -
o
o ]
©
05) 0.4 —m— Calculation
2 1 —@— Experiment
<
Q0.2 4
] —
0.0 —
T T T T T T 1
0 5000 10000 15000 20000 25000 30000 35000

Reynolds number

Fig. 3.11 Pressure drop vs. Reynolds number
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Fig. 3.12 Mass flow rate error v.s. Time

- 44 -



Al 4

NGNS E o ¥ < %
S T ELT n__rm (ST - o 9
Mu I o ol =0 e M_m %,_ o mRHRIR
Sl EE 8. A R
B T < b Mﬂ m E ol WFL ) = 5 MW w
o = ) 5 R z
g w I Z g oy R A
n” s ja Lo}
HW%GWH&% ov%ﬂgﬂ%bflﬂﬂ
T T T B gy BT R . e h T
g = ﬂ.d% o ﬂ_e% N o | o_.e ,m_ﬂ el ﬂx_ %L Wﬁ _&o
. =0 T o B 2 < »
R T LT R SR TZ=FTk
4 ! & 5 T w5 o M A Mr oM
g% @ B K T £3 vt ol N - M
50 i X do 7o £} il )
LA il i - T G Mo o iy
G oS = ol o = 52 i
i = : m m o I Ot L i T Zo
e _ 8 E o By TR OT O D =
" ~ T & <
- z A s o W o — 23] T UF )
m o w ' s S = oy Mo~ s P i
goug1m,~4ﬂ %gﬂzgﬁgﬂ%z
— oK N = i B ~ 3
N = o o B M o I
° o A o U o T o N R x
il # W ook ar % Hoo= 3 I X = 3 8o
- wir b X _® o}/ o DR ﬂ _ww T
- EO O#E _ ..:L b L =5 vA ,OI ,._m_u 1:_A| _.i — [— Mﬂ UA| —
T To - K £ o A » = w 3 2
cl g M €3I Nr TR N ) B
: | - . o B —
= W W 5 EomM T W Gy mow P N it
Mﬂ _L" = NIUH ik = X — ‘.m_.l Si ﬂ ~ i Exﬁ
:i ,Q ot s 0 ; J_ML M_M Ot ﬂ_mo N my HT N ‘UF O.C
~ = % o B T X B T % [ S SR
R B oW 2 S 0w s oy _ ™ B oy = R or
< i 2R T g 2 S 2 =
ﬂe o | W OW HT X ZT \UI ﬂ_Tr = - AT :.L
2 o v i Eo I 2 H._L ey OC ol ot O_
23
- N o o X ® u]L = v B
< T W X ® 2 ou

A = & dew, (43)°] o)A 74
- 45 -

4.D3 A (4.2)&

Aeka A



q”conv = h’conv ( I;w“ - Twall ) (4.
” k
q cond = F ( ];ur - Twall) 4.
_k
o= h (4.

o] 7|4 kE 3719 dAEE(W/mK), §& A3 FHoAY 497
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2 52 A8 A A9 Fujii and Uehara (1970)4 &2 & AFg3lo] F
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QAo FF % 4 PPel we ERLE ZHqo) VAL Y
Golur] Slete] e 2 3 FRe AANE o St

1. K-type thermocouple ( D = 0.3 mm )

( Nickel-Chromium (+) / Nickel-Aluminum (-) )
2. B-type thermocouple ( D = 0.5 mm )

( Platinum-30%Rhodium (+) / Platinum-6%Rhodium (=) )
3. K-type thermocouple ( D = 0.2 mm )

( Platinum-30%Rhodium (+) / Platinum-62%Rhodium (-) )
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Fig 4.1 Thermal boundary layer thickness at outer surface of test

section in furnace
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: ——k =0.0510 W/mK

- — k=0.0566 W/mK
3.0 —-= k=0.0622 W/mK

o (mm)

20 21 22 23 24 25 26 27 28 29 30 31 32

Natural convective heat transfer coefficient
(at outer surface, W/m’K)

Fig 4.2 Estimated thermal boundary layer thickness v.s. natural

convective heat transfer coefficient
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Fig 4.3 Bulk temperature v.s. wall temperature at furnace setting

of 500, 600C (K-type, D = 0.3 mm)
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Fig 4.4 Bulk temperature v.s. wall temperature at furnace setting

of 300, 500, 600C (K-type, D = 0.3 mm)
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Fig 45 Bulk temperature v.s. wall temperature at furnace setting

of 400 ~ 700C (K-type, D = 0.3 mm)
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Fig 4.6 Bulk temperature v.s. wall temperature at furnace setting

of 500~700C (B-type, D = 0.5 mm)
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Fig 4.7 B-type thermocouple (D = 0.2 mm)
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Fig 4.8 Bulk temperature v.s. wall temperature

(B-type, D = 0.2 mm)
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Fig 411 Pre-formed junction v.s. intrinsic junction at wall_2

(B-type, D = 0.2 mm)
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Fig 4.12 Bulk temperature v.s. wall temperature at wall_2

(B-type, D = 0.2 mm)
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Fig 4.13 Bulk temperature v.s. wall temperature at wall_2

(B-type, D = 0.2 mm)
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Fig 4.14 B-type thermocouple (Intrinsic junction, D = 0.2 mm)
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Fig 4.16 Bulk temperature v.s. wall temperature
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Fig 4.17 B-type thermocouple (Intrinsic junction, D = 0.2 mm)
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Fig 4.18 Bulk temperature v.s. wall temperature at

T_in = 120~400C (Intrinsic junction B-type, D = 0.2 mm)
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Fig 4.20 Nusselt number v.s. heat flux
(K-type, D = 0.3 mm)
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Fig 4.25 Nusselt number v.s. Reynolds number

(Intrinsic junction B-type, D = 0.2 mm, T_in = 50, 60C)
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Fig 4.26 Nusselt number v.s. Reynolds number

(Intrinsic junction B-type, D = 0.2 mm, T_in = 100~4007C)
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