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An Experimental Study on the Fluid Flow and Heat
Transfer of High Temperature and High Pressure Helium

in a Minichannel

Kyung-Kyu Kim

Department of Refrigeration & Air-Conditioning
Engineering

Graduate School, Korea Maritime University

Abstract

Fluid flow and heat transfer of helium in a minichannel has been
experimentally studied to investigate the effect of high pressure and
high temperature flow conditions. The experimental apparatus
consists mainly of gas booster, pre-heater, electric furnace, and
cooler. The test section tube is a round minichannel of 1.397 mm
inside diameter, made of Inconel 600. The ranges of the major
experimental parameters in this study are 2000 ~ 34000 of
Reynolds number, 20 ~ 110 kW/m® of wall heat flux. The
experimental results showed that the heat transfer coefficient were
not affected by inlet temperature, inlet pressure, and heat flux.
Pressure drop was not also affected by inlet temperature, inlet

pressure, and heat flux.
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Table 2.1 Turbulent forced friction factor correlations for smooth

circular ducts

Remarks and

Author Correlation
Limitations
f= Tw_ _ (.0791Re 0 agree with it within
Blasius 1 2 ’ )
27 4x10° < Re < 10°
Drew,
; agree with it within
Koo, and f = 0.00140 + 0.125 ke~ "**
4% 10° < Re < 5 x 10°
McAdams
1
von —— =1.737In (Re+/f ) — 0.4
VF
Kaman agree with it within
or
and 4% 10% < Re < 3 % 10°
—1 = —
Nikuradse VT =dlog(Re /[ ) — 04
s 1 agree with it within
Flonenko = 2
Techo,
Tickner, 1 Re 2 | agree with it within
T (1'737%” 1.964InRke — 3 8215)
and f ~IOHNALE = 0. 10" < Re < 2.5 % 108
James
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Table 2.2 Turbulent forced convection correlations through a circular

ducts with constant properties(Nu)

Author

Correlations

Remarks and

Limitation

Dittus—

Boelter

Nuy= 0.02322°Pr”

Rep= 10000,
L/D =10,
0.7=Pr=160
T>Tm @ n=04
(heating)
Ts<Twm : n=0.3

(cooling)

Sieder-
Tate

Nup = 0.0271’[’64/5Pr1/3(

o 0.14
H

S

0.7<Pr<16700,
Re=10000,
L/D>10

Petukhov
-Kirllov

/VZ/[)

(A2) Fe Pr
1.07 + 12.7(ADY? (Pr¥?)—1

0.5<Pr<2000,
10°<Re<5 X 10°

Webb

NZKD

(A2) e Pr

1.07 + 9(AD)Y*(Pr —1)Pr V4

Better at high
Pr and this
one the same
at other Pr,

smooth tubes

Sleicher—

Rouse

Nuy,= 5+ 0.0152"Pr”

m=0.88-0.24/
(4+Pr)
n=1/3+0.5exp
(-0.6Pr)
0.1<Pr<10’
10'<Re<10°
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Table 2.3 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 2.4 Turbulent forced convection correlation in circular duct for

gases with variable properties

Comments and

Correlation Gas
Limitations
VAR 30< L/d <72,
Nu,=10.023 2*° Pr0'4< 7,”/) _
¢ . 7x10°< Re <3x10",
) Air
Tw/ Th, <1, n =0 (cooling) 7
. 046< =% <35
Tw/ Ty, > 1, n = 055 (heating) 7
29< L/d <72,
7oy 1.24x10°< Re< 4.35x10",
Nup,=10.022 R* Pr0'4( 7&) Air
b
7
1.1< =2 <7
7, 3
Nu,=0.023 R Pro-"< l@) | A 7
2o 7, 12< Z2 <22,
helium, ¢

n =-04 for air, n=-0.185 for 5 .
carbon— 4x10°< Re < 6x10,
helium,
dioxide L/d >60
n =-0.27 for carbon dioxide

—0}5

7,
Nup=0.021 #° Pr0'4( 7 ) L/d >30, 1< Ze <25,
¢ Air, 7
70\ P el . < <2. 3
NZ{D: 0.021 Aje().B Pr ().4( ?u) hehum 1.5%10 Re <2.33x10 ,
b
nitrogen L/d >5,
0.7
x [ 1+ ({‘j) ] local values
7o 80< L/d <100,
Nu,=0.021 #* Pr" - 3 5
7y 13x10°< Re < 3x10",
Nitrogen
7,
n=—(0.9 log +0.205 1< Lo <6
7y .
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Table 2.4 (cont.)Turbulent forced convection correlation in circular

duct for gases with variable properties

Comments and

Correlation Gas
Limitations
Nup=5+0.012 R
For gases 0.6 < Pr <09
(Pr,+0.29)
Nu,=0. P8 Py
“p=0.0214( e 100) Pr 05< Pr <15, for heating
( ?L) 0.4 [ n (JZ[) 2/3] Air, of gases; the author
4
helium, collected
carbon- the data from the
up=0.012(ke B B dioxide literature;
0.4 2/3
(%«4) ~ [1+ (%) ] second for 1.5< Pr <500
b
N ,=0.022 25 Pri , 10'< Re <10’,
Air,
7, —10.29+0.0019Z/ & heli
( ]‘é) S 18< 1/ <316
L/d >40,
7\ 7y
NZ/D: 0.024 Aj€0.8 Pr0.4( ATJ;) 1.24< Tb <754,
Ny =0.023 Re® pr 04 183x10°< Re <2.8x10°
D . w w
_ | Nitrogen Properties evaluated at

Nup=0.024 R Pr°~4( —?ﬂ)
b

T (9 1)

wall temperature, L/d >24

12< 1L/d <144
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Table. 2.5 Past work of high temperature compact heat exchangers

JAERI TIT FANP NIST
. Hastelloy .
Material XR SS I 617 Ni
Construction PCHE PCHE Helical Tube
round/
Channel Shape rect. half circ round rect.
Channel Size
1x1 1.03 22 x 2 1.0
(mm)
# of Channels 40-80 66/144 20
Test Fluid Air CO2 He
Pressure
2 2 ~ 10 3.5
(MPa)
Temperature
? < 300 < 375
(C)
Mass Flux<
) 150-500 140-300 < 700
(kg/m’s)
Heat Flux<
) 20-32 < 540
(kW/m")
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L Profile development length
Viscous wall layer Developed
kﬁ _ \ : laminar flow
i “"_--u;"“}#%_-" ........ '-_.v(’f,'ﬂ_________._‘..._._u._'%ﬂﬁ_._ X
A \‘\““ S
7| Inviscid core
|

Lg (entrance length)

Fig. 2.1 Laminar flow in circular duct

L¢ (entrance lengtir)

L Developed
| turbulent
| flow

B 5.

Inviscid core Wall layer Profile development \ ¥

region u(y) = umax{*—r”;”“ 5<n<10

Fig. 2.2  Turbulent flow in circular duct
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Fig. 2.3 Turbulent forced friction factor correlations for

smooth circular ducts
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14P [kPa]

 [Experimentaldata  Blaslus' equation

| A 35MPa] A 9.5MPs]
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—m- - 8.5[MPa] O  85[MPa]

200 300 400 500
F 4
G [kg/m‘s]

Fig. 2.7 Friction factor vs Reynolds number

(Son and Park, 2005)
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B i | 00000 | [
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1100 m? (39 000 acf) Regulator Specimen Furnace w.-,-.,.
Valve 3 Sectlon Bath
Fig. 2.8 Schematic of experimental apparatus
(Olson and Glover, 1995)
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- a = 16 W/em ]
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Fig. 2.9 Nusselt number vs Reynolds number
(Olson and Glover, 1995)
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Heat transfer coefﬁcient{W/mz-K)

Heat transfer coefﬁcient{Wf|112-K)

7000

& —mNIST (¢"=195 kW/m* , G=93 kg/m®s)-
6000 | e NIST (q"=43 kW/m® , G=101 kg/m®s)
[ ° | Do Fluent(q'=195kW/m" , G=93 kg/m’s)
5000 o Fluent (q"=43kW/m” , G=101 kg/m’s) [0
& — Gniélinski(1983)
4000 ®
I -0 e .8. OB g.Q.Q...D T B
3000 |- S 1 '
® i e
X ) IS S— — - 2.
2000 | B . . . =
1000 1 1 1 1 1 1
0o 02 04 06 0.3 10
x/L
Fig. 2.10 Heat transfer coefficient in low mass flux
(Nam, 2006)
20000 - - ;
- = NIST(q'=675 kWim" ; G=678 kg/m’s) |~
18000 |- e NIST (q'=199 kW/m® , G=690 kg/m®s) |
I O Fluent (q"=675 KW/m’ , G=678 kg/m’s) | g
— ©  Fluent (g"=199 KW/m® , G=690 kg/m’s)
— McElligot et. al (1965) ;
14000 & {
G s Eim m b B o9 o0
- o ; e 5 = e R frs
12000 |- Do| meT T ;
| | .
e * . 4 @ - O ] !
10000 | , = = = " |
- |
8000 1 1 1 i 1 i 1 i 1 i 1
0.0 0.2 04 0.6 0.8 1.0
Dimensionless length (x/L)
Fig. 2.11 Heat transfer coefficient in high mass flux

(Nam, 2006)
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Fig. 2.11 Properties of air and helium at 60 bar
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Fig. 2.11 (cont.) Properties of air and helium at 60 bar
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d )

gl 2wy A7Z YR L= AAAS 9 ol 4 YA

Hel exE 47 FA57] offrh adM RE BAUASL ARYE

pp -G /—é (35)

f=(1.82log,,Re —1.64)* (3.6)
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Table. 3.1 Use, Property, and element of Inconels

ZIAA A2
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R | 1000PSI =
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625 Cr 215 844 . 80*115 80*115 701__1};9}_ o] géy LH)\\_]_'
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Table. 3.1 (cont.)Use, Property, and element of Inconels
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Test section
Furnace

Pre—heater
Furnace /—ELQ

=l [
:

Flowmeter Differential[—
Pressure

Gas booster ﬁ cooler

Fig. 3.2 Schematic diagram of experimental apparatus
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Fig. 3.3 Photograph of experimental apparatus
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Fig. 3.4 1000-h Rupture stress of Inconels
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Fig. 3.5 Schematic diagram of the preheater

Fig. 3.6 Photograph of preheater

_45_



Fig. 3.7 Photograph of the test section
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Fig. 3.9 Photograph of pressure drop transmitter

Fig. 3.10 Photograph of gas booster
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Fig. 3.12 Photograph of flowmeter

_49_



304

B Thermocouple
—— Average
28
u
—~~ n
L 26 5 -
9 u
=
o
S 244
£
(0]
[
22
20 T g T T T T T T T
T1 T2 T3 T_in T_out
Position
Fig. 3.13 Average error of thermocouple
o
<
=
o
(]
o
£
(0]
[

0

T T T T T T T
3000 4000 5000 6000

Time (s)

T
1000 2000

Fig. 3.14 Thermocouple signal

_50_



Mass flowrate error (%)
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