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Temperature distribution measurement in the hot gas duct of HENDEL
(Results of tests, NO.1 cycle and NO.2 cycle operations)

(February 1982 ~ October 1982)

Kazuhiko KUNITOMI, Ikuo TOKA, Kozi UMENISHI
Makoto HISHIDA, Toshiyuki TANAKA, Hiroaki SHIMOMURA

and Konomo Sanckawa

Department of High Temperature Engineering
Tokai Research Establishment, JAERI
{Received May 17, 1983)

The HENDEL (Helium Engineering Demonstration Loop) which was
completed on March, 1982, has been operated 3 times so far, including
a test operation when it was handed over to JAERI. In the main part of
‘HENDEL which is called a Mother + Adapter (M+A) loop, a hot gas duct
through which helium gas of 1000°C, 40 atm, 4keg/s flows 1s installed.
This report deals with the measurement and evaluation of temperature
distribution of the hot gas duct. The maximum surface temperature of
the hot gas duct was 230°C, which is low enough, compared with an allow-
able design temperature of 350°C. The effective thermal conductivity of
the insulation inside the hot gas duct was found to be 0.40 - 0.49

keal/mh°C.

Keywords; Hot Gas Duct, Thermal Insulation, HTGR, Helium Engineering

Demonstration Loop, Temperature Distributiom, Performance

The most part of this report was presented at the 3rd task manager

meeting for components under the contract between KFA, Jilich, and JAERL,

which was held at JAERI, Tokai, in December 1982.
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1. Outline of the Helium Engineering Demonstration Loop (HENDEL)

Prior to the construction of the experimental VHIR, it is required
to establish engiﬁeering backgrounds for utilizing helium gas as reactor
coolant and to confirm safety and feasibility of both reactor core
structures and high temperature components.

For these purposes, HENDEL is designed to test various mock-up
components of the reactor, such as fuel stack, control rod, core struc-
tures, core barrel, hot gas.ducts, valves, intermediate heat exchanger,
etc.

Figure 1 shows a flow diagram of HENDEL. HENDEL consists of
Mother (M), Adépter(A) and test sections (T1-T4). Mother and Adapter
(M+A) is designed to supply helium gas to the test sections with
simulated VHIR operation conditions of pressure, temperature, flow rate,
etc.

The construction of M+A was completed in February 1982, Design and

construction of the test sections are now under way.
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2. Operating history of the M+A loop

M+A loop has been operated three times since February 1982, The
test operation was performed from February 24 to March 30, NO.1 test
cycle from June 21 to July 10, and NO.2 test cycle from September 20 to
October 24.

Figure 2.1 shows the operating history of M+A loop.

Tables 2.172.3 show the total operating time in each run. Accumu-
lated operating time is 365 hours at the helium gas temperature 800~1000°C.
During the course of operation, various data were obtained to confirm
the capacity of heaters or coolers and the ability of suppling helium
gas to the test sections with simulated operating conditions. As for
the hot gas duct, transporting 1000°C helium gas from heaters to coolers,
temperature distribution in the insulation layer, surface temperature of
the pressure tube, heat flux, etc. were measured.

The measured data are tabulated in Appendix 1.
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Table 2.1 Test operation ( 2/24=3/31 )
S— _
T M1 Loop M+A Loop
~ 130¢°C 20 hr 45 hr
301 ~ 450°C 230 hr 240 hr
451~ 800°C — 50 hr
801 ~ 1000°C _— 215 nr
total 250 hr 550 hr
Table 2.2 NO.1 Cycle ( &/21-7/10 }
M1 Loop M+A Loop
~ 300°%C 40 hr 50 hr
301 ~ 450°C 310 hr 20 hr
R @]
451 ~ B00°C - 70 hr
o
801 ~ 1000°C — 50 hr
total 350 hr 190 hr
Table 2.3 NO.2 Cycle {9/°0-10/26 )
e I )
f T M1 Loo M+A L |
L— T Loop +4 Loop E
! o)
g ~ 300°C - 450 hr |
301~ a50% - 250 hr |
451~ 800%C - 215 hr
801~ 000°C — 100 hr
%A___._____ SO S e e R
[ total — 1015 hr
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3. Specifications of the HENDEL hot gas duct

Table 3.1 shows specifications of the HENDEL hot gas duct which is
placed between the heater H32 and the cooler C31.

Figure 3.1 shows a lavout of the hot gas duct. This hot gas duct
is about 14m long jointed by three flanges.

Figures 3.273.3 indicate a cross section of the hot gas duct and
a part of its cross section in detail. There are three layers of fibre
insulation between the pressure tpbe and the liner. The total thickness
of the insulation layer is about 120mm. This insulation is Kaowocol made
of $i0; and Al,03. The packed density of the outer, middle and inner
insulations are respectively 250 kg/m3, 200 kg/m® and 200 kg/m3. There
are stainless steel foils inserted between each insulation in order to
prevent free convection. In the axial direction, V-shape end-pieces
are installed to prevent by-pass flow. Axial thermal expansion differ-
ence between the pressure tube and the liner is absorbed by a slide-joint
at each end of the liner. As for the bend tubes, there are another slide
pins supporting the bend liner with a slide-joint. Radial thermal
expaﬁsion difference between the pressure tube and the liner is absorbed
by the studs which support the liner. Each stud is composed of two
parts. One is welded to the pressure tube, and the other to the liner.
Two parts are jointed by a pin. Around the pin, there are gaps to absorb

the difference of the thermal expansions.
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3.1

of the HENDEL hot

Specifications gas
 Ttems Hot Gas Duct
L NO. 1
' |
 Form Fibre Insulation |
. Length H32 - C31 1tb4m %
| Gas Temperature | H32 Outlet TOOOOC§
{ | €371 Inlet 9909C |
Z ! .
E Cas Preessure , 40 kg/cng |
i Design Temperature% 3509C {Pressure
| - Tube!
é Design Pressure %QS,kg/cmZg
. Dimension | Pressure Tube
| 660.4 0/D X 22 ¢
gLiner
1 355.6 0/D X 6 ¢
Material ?Pressure Tuce
: 8B 42
: iLiner
E ; Hastelloy X
%Insulation
%Kaowool
Method of Cooling | Natural Cooling é
outers
Packed Density 250 kg/m‘3 ;

(inner, middle)
L 200 ke/ml

duct



L;ner
Insulation \

T
Pressure Tube \\

Fig.3.l' Layout of the hot gas duct
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Weight

Design value

feat flux per unit length

Flow rate

Pressurs

Inlet temperature

Coqler

lcst

000 kg

7000 kcal/mr
2.8 kg/s

40 kg/cmgg

1000 ¢
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4, Temperature distribution measurement in the insulation layer

Temperature distribution within the insulation layer and along the
V-shape end-piece were measured with thermocouples fixed at the cross
sectlon of horizontal hot gas ducts both at the outlet of the heater H32
and at the inlet of the cooler €C31l. The measuring points are shown in
Fig. 4.1, and results during the test operation in Figs. 4.244.13.

The maximum circumferential temperature difference of 100°C was
observed, and this might be due to the nonuniformity of the insulation
layer, or to the uncertainty of the locations of thermoccuples.

Also those of the pressure tube were measured at the two cross
sections in the middlie part of the hot gas duct. The measuring points
are shown in Fig. 4.1, measured data during the test operations in Figs.
4.1474 .19, Temperature at the bottom is max. 30°C higher than at the
top. This might be due to the cooling condition of ambient air.

Figures 4.2074.22 show the average radial temperature distribution
within the insulation layer during the test operations, NO.1 and NO.2
cycle tests. Temperature distributions within the insulation layer were
almost linear, and there was nc significant indication of free convection
occurring in the insulation.

Figures 4.23~4,25 show temperatures in the insulation layer and
V-shape end-piece at the outlet of the heater H32 versus helium gas
temperature. Temperature gradient at each measuring points was almost
uniform,

Measured data used in these figures are given in Appendix 1.
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5. Effective thermal conductivity of the insulation layer

Figure 5.1 shows the dependence of the effective thermal conductivity
upen the average temperatures of the insulation.

Under the assumption: the heat transfer ccefficient at the outer
surface of the preséure tube is about 12 kcal/m?h°C, the heat transfer
through insulation includes radiation (thermal emissivity is assumed Lo
be 0.5), and the room temperature is 20 °C; the effective thermal con-
ductivity of the insulation was cglculated to be 0.470.49 kcal/mh®C
(0.4740.56 W/m°C) at the average temperature of the insuiation during
the three operations, namely 590 °C. The results are in approximate
agreement with the data obtained by IHI Co., Ltd.

The calculating method of the effective thermal conductivity is

described in Appendix 2.

¢5 7
]
& ®
04 —
o]
_ L)
0% s P (HEL!UM_
|0 ek
- 03 o
g A /////////
= a
E °
£ 02
: . TR
= ! ° HENDEL test operation
0. a Nolcycle |
' o No2cycle
;
|
0 200 400 600 800 1000
Temperature e

Fig. 5.1 Effective thermal conductivity of
the hot gas duct.
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6., Temperature distribution measurements of the pressure tube

{1) Measurement with a contacting thermometer

This has been performed to check the local temperature rise (hot
spot) or degradations due to malfunction of the insulation layer.
There was no hot spot as the surface of the pressure tubes with studs and
V-shape end-pieces. The temperature at the top of the hot gas duct was
not always higher than at the bottom. This is seemingly due to nonuniform
convection of air around the hot gas duct.

The measured data shown in Figs. 6.1v6.17 were taken during NO.1

cyele test.

heater.

Hi2

So

(@)

0 o

Fig.€.1 Measuring points at the surface of the hot gas duct
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(2) Measurement with a radiative thermometer

(2)-1 Radiative thermometer
(a) Principle
Thermal radiation is defined by the following equation which is

known as Stefan-Belzman law.
E = eoT"

E : emissive power per unit area and unit time
£ emissivity'
o : Stefan-Bolzman constant

T : absolute temperature

If emissivity is assumed to be constant, emissive power is
determined only by temperature. A radiative thermometer is made to
obtain temperature and temperature distribution by measuring emissive
power.

The radiative thermometer is very useful to measure temperature

distribution, especially to detect hot sopts.

{(b) Specification
Temperature range : -40 n 2000°C
Scope :  #20° vertical
+25° horizontal
Focus : 20cm v =

Lens material : Germanium

(2)-2 Results of temperature distribution of the hot gas duct

Figures 6.18%6.35 show the temperature distribution of the hot gas

duct measured by a radiative thermometer.

No hot spot was detected at the surface of the pressure tube.
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7. Measurement of heat flux at the surface of the pressure tube with
a heat flux meter

Thickness
(1) Principle of measurement d

As shown in Fig. 7.1, Thermocouples

temperature difference is

generated between both sides

\: Heat flux
of the heat resistance f4: Q ~
material, when heat flows . [i] :>> (:2:/

across the material.

By measuring this

Ampere meter

temperature difference with Cover material

two thermocouples fixed on

the both surfaces of a heat /i Heat resistance material
residence material, a Sensor temperature (7)
standard relationship thermocouple

between the temperature
‘difference and heat flux Fig. 7.1 Principle of measurement
is to be established.

Main specification of the heat flux meter used is as follows;

Heat resistance material : silicon rubber
Measuring range : 10 ~ 3000 kcal/m?h
Accuracy . +0.4 kecal/m?h

(in the region below 20 kecal/mZh)

+2% (within the range of 20 ~ 100
kecal/m?h)

+1% (in the region over 100 kecal/mZh)

The results of preliminary measurement with a heat flux meter are
a iittle bit higher than the calculated values. (The results and method
of calculation are described in Appendix 2) This might be open to the

further investigatiom.
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Fig. 7.2 Measuring points at the surface of the pressure tube

A

Table 7.1 Heat fluxes obtained with a heat flux meter and

calculated heat transfer coefficients

Gas temperature | Surface temperature | Heat flux | Heat Transfer
of the pressure tube coefficient
(°c) ) (kcal/mn) | (keal/mnc)
800 125 1860 17.7
800 143 1560 12.7
800 157 2200 16.1

room temperature : 20°¢
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8. Conclusion

The following conclusions were obtained;

(1) The average radial temperature distribution within the insulation
layer were almost linear.

(2) The maximum temperature of the pressure tube was about 230°C. It
was below the design temperature of the pressure tube (350°C).
Temperature distribution measured by fixed thermocouples and a
contacting thermometer imdicated that the temperature at the bottom
of the pressure tube was 30 ~ 70°C higher than that at the top.

No significant hot spots, however, were detected by fixed thermo-
couples, a contacting thermometer and a radiative thermometer.

(3) Effective thermal conductivity of the insulation layer was estimated
to be 0.4 ~ 0.49 kcal/mh°C at 590°C of the average temperature of
the insulation, under the assumption that heat transfer coefficient

of air around the hot gas duct was about 12 kcal/m2h°C.

Reference

(1) T. Umeda, T. Nishidono, IHI Technical Report Vol.20, No.6 (1980).
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Appendix 1 Measured data of the hot gas duct

Table Al-1 Measured data of the hot gas duct (test operation).

Date 3/16 | 3/16 | 3717 3718 | 3/18| 3718 3719 | 3/24 | 3/26| 3/28
Time 0:00 {21:32 | 14:33 | 9:00 ! 14:16 | 19:46 | 7:02 | 16:30 [ 14:00 | 14:00
Helium Gas Temperature
(Eeater Hy, Outlet)(OC) | 320.7 | 494.2 573.1 | 699.4 1 801.0 | 903.7 | 1000.0[1000.0 | 880.0 | 1000.0
Flow Rate (kg/s) | 2.810 |2.798 | 2.800 | 2.802 | 2.803 | 2.797 2.800 |2.799 |4.004 | 0.400 -
(ngieirgzzugﬁtggifng 35.30 | 39.52 | 39.67 | 39.97 | 39.97 39.97ﬁ 39.97 | 40.00 | 40.00 | 40.00
i 150.0 |227.5 | 262.4 | 319.8 | 365.9 | 409.7 | 454.2 | 467.0 | 405.4 | 458.3
2 766.7 [669.2 | 758.0 |
Insulation 3 | 318.4 1488.4 | 567.1; 692.5 | 792.5 | 894.4 | 990.4 [991.6 |876.0 | 997.3
Temperature 4 . 760.7 1664.8 | 751.6
(Hyp Outlet) ! ' 536.8 |417.0 | 559.4
e 6 ; T |776.6 |677.6 | 768.4
a 7 163.9 |217.8 | 252.7 | 310.1 | 357.6 | 402.6 : 451.0 | 464.6 | 398.3 | 459.4
8 | | ' 461.2 | 400.7| 440.3
9 | i i 763.0 | 667.1] 737.9
Tnsulation 10 | ‘ 991.6 | 875.2| 959.4
Temperature | 11 | 760.1) 661.0| 735.2
(Cyy Inlet) M5 i 483.5 | 417.1] 463.0
e 13 ‘ i 764.4 | 669.9] 735.2
&) 14 | ] i | 454.7| 392,41 434.6 |
15 | 65.3 | 96.2 | 108.1 131.9 151.3 | 168.8 | 153.5| 200.8 | 155.8  203.8
V-shape end- 16 141.5 |214.2 | 269.0 306.5 350.5394.3 | 440.2| 451.8| 390.1| 448.7 ‘f
gézgirature 7 ‘ . : i ' | 9"1-9= 817.3] 937.8
(Hy, Outlet) 18 : | 553.8 451.4| 565.3
2, (%0 19 : ; 536.1] 427.9 | 551.5
20 I | | 280.8 | 241.8 | 272.2
V-shape end- | 21 I | ‘ S67.4 | 498.4 | 552.7
brece & 22 ! | | 939.6 831,31 g11.3 !
mperature ‘
(Cy, Inlet) 23 g i S548.6 | 471.2 | 526.9 °
£ o 24 | | 581.1 | 504.5 | 560.0 |
25 59.2 | €5.2 ;1 97.1115.9 136.7 | 149.2 | 165.7| 166.0 | 140.0 166.2 |
25 g ‘ 1 | 181.0 1 150.0  171.5 |
fgzzsggilgﬁ?e 27 62.9 | 91.3 | 97.1 126.6 145.2]160.2 176.2 195.0 158.0! 181.4
(90} 28 | | | 168.0 | 148.0  186.5 |
29 69.0 | 97.6 |{106.9 | 134.3  157.6 | 175.0 187.2] 215.0 | 166.0 198.6 |
5 30 1 L 178.0  170.0 196.2
3 59.2 | 86.4 | 97.11117.1 136.7 [ 143.2 165.7 178.0  148.0 169.2 :
32 ! | 170.0 1150.0 . 170.4
?Eessﬁﬁegft’e 3 60.4 | 88.8 | 99.6 | 119.5 141.6 [ 154.1 168.8! 186.0 [ 150.5 175.3
3o 34 | [ 120.0 | 148.0  175.4 |
35 €9.0 | 97.4 1106.9 | 134.31 156.2 [ 171.2 + 186.0; 215.0 | 168.0  198.6
2 I | J ! | 192.0 1170.0 » 183.4
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Table Al-2 Measured data of the hot gas duct (NO.1 cycle test).
Date 7710 | 71 | 11 Vogse | o | 15 16
Time 11:32 | 15:02 | 22:31 [ 19:47 | 19:40 | 9:02| 9:16
Helium Gas Temperature
(Heater H32 Outlet)(OC] 317.3 [ 437.7 | 582.8 1699.4 | 799.9 | BS6.9 | 997.4
Flow Rate {(kg/s) 1,304 1 1.302 | 1.303 1 1.506 | 1.502 ] 7.505} 1.505
Gas Pressure (kp/cmog )
(Heater H32 outlet) £/ 27,97 | 30.00 [31.95 1 34.35 36.00 | 39.75( 39.75
1 T47.5 | 199.4 | 262.3 | 317.5 | 368.5 | 414.4 462.6
2 .
Tnsulation 773 314.6 | 433.9 ['575.2 | 691.4 | 791.6 | 888.2 | 987.8
Temperature 4 232.1 | 318.2 | 430.2 | 521.9 | 600.6°| 679.7 | 760.9
(H32 Outlet} 5 i
(oc) 6
d 7 163.8 [ 190.4 | 257.4 | 313.8] 365.0 | 413.2 | 462.6
8 | |
.9 ? ; 1
. |
Insulation 10 { |
Temperature 11 ! |
(C31 OInlet) 12 ‘ ; 3
) o 13 } ;
T | 14 i ; i
15 66.4| 81.1]110.5 133.21 159.1] 179.9,; 202.2
V-shape end- 16 141.2 { 186.7 | 252.5 | 307.8 1 358.0 | 403.8 E450.8
pilece : 17 :
Temperature
’(H32 Cutlet) 13
£, (9g) 19 ; ;
20 ;
V-shape end- | 21 i
piece v 7
Temperature e % §
(CBT Inlet) 23 i
Co(o0) 24 ‘ 5
25 64.0 . 75.0 99.4 | 113.5 ;140.6 156.5 | 173.8
26
Pressure Tube , _
(H32 Outlet) 27 66.h: 80.0 1 106.8 | 124.6| 151.7 | 168.8 188.é:
(Sc) 28 o f
_ 29 72.55 86.0 117.8 1 141.8}1 173.9 ] 192,17 219.1
< 30 i ’
31 64,0 T6.2 | 100.7 111.71] 139.4 | 154.1 171.25
32 i |
Pressure Tube ‘ - - - S
(C31 Tnlet} 33 65.2 T7.4 | 104.3 ] 119.6| 145.6| 161.4 179.9?
(oc) 34 L )
. 35 73.8 86.0 1 117.8 | 140.5 1?276; 190,07 216.7;
s 36 [ i
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Table Al-3 Measured data of the hot gas duct (NO.2 cycle test).

Date 10/7] 10/8 | 10/9 10/10
Time 0:021 0:46 | D:461 1:02
Helium Gas Temperature ' f
(Heater Ha, outlet}{°C) 699.7 1 801.11899.8 998.7
Flow Rate (kg/s) 4.002 | 4.008 } 2.792 } 2.799
Gas Pressure (kg/cm’s E i o
(Heater H32 Outlet} = 39.97 1 39.97 | 40.05 - 39.97 ’
1 S 312.%7 | 366.2 | 413.9 | 461.4
2
. | i |
Tnsulation 3 693.4 ] 796.6 \892.6 991.8
Temperature &4 516.7 | 600.¢ ; 680.4 | 762.%
(H32 Outlet) 5
{°c) 6
(:) _ 7 302.4 | 35G.2 | 411.5 | 460.2
8 ;
9 i
Insulation 10
Temperature 11 . i
(C31OInlet) 12 ] . f
o (“C) 13
& 4 . ;'
15 108.1 ] 137.0 172.0| 193.3
V-shape end- 16 295.2 1 352.1 | 403.3 | 450.8
piece 17
Temperature
FHBE Qutlet) 18
2 {%C) 19
20
V-shape end- 21
piece
Temperature 22 !
(CBT Inlet) 23
£ 24 ‘
25 105.7 | 134,51 156.0| 171.2
26 i .
Pressure Tube
(H.. Outlet) 27 115.6 | 145.6 | 168.4 1 187.2
32 -a
(9C)
29 125.3 1162.8 | 192.8 | 215.5
z 30
3 106.9 {134.5 | 154.8 | 170.C
32
Fressure Tube
(C31 Inlet) 33 110.6 [ 140.6 (162,11 177.4
(OCJ 34
35 124.1 |162.8 [ 192.8 1 214.3
36
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Appendix 2. Calculating method of the effective thermal conductivity

(1) Effective thermal conductivity

The effective thermal conductivity is defined by the following

equation.

- Qg2 I
A== dn zy (6765 (1)

: effective thermal conductivity
Q@ : heat flux per unit length
r; : outer radius of the pressure tube
r; : inner radius of the pressute tube
9, averagé temperature of the pressure tube

gy : temperature of the liner

(2) Heat flux per unit length

The heat flux per unit length is difined as follows.

Q = arD (8, - 0,) (2)
Q : heat flux per unit length
@ : heat transfer coefficient at the surface of the

pressure tube
D : outer diameter of the pressure tube
6, : room temperature

0, : average temperature of the pressure tube

Room temperature (ea) is assumed to be 20°C, because the thermo-
couples in the building indicated approximately 20°C during the course
of the operations (NO.l and NO.2 cycle tests)

(3) Heat transfer coefficient at the surface of the pressure tube

The heat transfer coefficient at the surface of the pressure tube
(n) is defined as the sum of the coefficients by thermal radiation (oy)

and free convection (og).
o = O +Gf (3)

r

In order to obtain the coefficient by free convection (ag) around
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the hot gas duct, the following equation (Jacob's formula) is used.
_ 1/3 2
af = 0.13 Ral/* 5 (4)

As for the coefficient by thermal radiation (a,), we used the

following Stefan-Bolzman's equation.

100 100
(T, -293)

(TZ 4 293'4—

ar = 4.88 ¢ (5)
Ra : Rayleigh number
emissivity
D : outer diameter of the pressure tube
T, : average absolute temperature of the pressure tube

4 ¢ thermal conductivity of air

(4) Calculated effective thermal conductivities

Table A2-1 Effective thermal conductivity ( test operation)
Date 3/16 13716 | 3/17 | 3/18 [3/18 | 3/18 | 3/719
Time 0:00 |21:32 | 14:33 [9:00 14316 ) 17:46 1 7:02

Helium gas
temperature({°C] n20.7]694.2 1 573.1 {699.4 | 801.0 | 903.7 | 1000.

Temperature of the . .
pressure tube(°C) 63:26191.3 | 100.8 | 124.3 | 145.7 | 159.8 1 174.7

Temperature of the
liner{°C} 118.4(489.5 |569.5 1693.7 | 795.0 1898.0 :993.9

Average temperature
of the insulation(®ry 1190.8[290.4 |355.1 [409.0 [470.3 | 528.9 |584.3

Heat transfer
coefficient{kcal/menCa7.65 19.12 19.58 [10.28 |10.92 | 11.3% | 17.90

Heat flux per .
unit length {kcal/mn)B90.2]1349.1] 1605.412223.2| 2847.2] 3303.6,3819.4

Effective thermal
conductivity(kcal/mhoc}237 297 L300 L3462 .384 .392 L5408
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Table 42-2 Effective thermal conductivity (NC.1 cycle test)
| Date 721 V71 e | s (146
| I .
Time 11:32)15:02 | 22:37 [19:47 |19:40 19:02 19:16
Helium gas
temperature (CC) 316.4]438.0 |583.4 1699.0 |799.4 |897.0 1999.0
Temperature<3fthe
pressure tube (19c) 67.62{80.1 107.8 [125.2 1154.0 | 170.5 1 181.5
Temperature of the
liner (°C) 314.60433.9 1575.2 |691.4 [791.6 1888.2 1987.8
* I
Average temperature :
of the insulation(°C) 191.1]257.0 1341.,5 {405.3 1472 -529.4 | 5589.7
Heat tansfer 5 . é
coefficient (kcal/m2hCC)|7.91 18.55 |5.7¢ |10.31 |11.19 [11.76 | 12.49
Hezt flux per '
unit length (kcal/mh! 781.5[ 1066, 1] 1783.312250.3|3110.9! 3674.4] 4644, 1
Effective thermal -
conductivity{kcal/mnoC) |.277 |.264 |[.334 [.348 .43 |.448 . 489

Table A2-73 . Effective thermal conductivity (NO.2 cycle test)
Fate  10/7 Two/S llp/g 10/9
R
Time B 0:02 iO:ﬁ6 0:46  |1:02
| |
{Helium gas |
| temperature (°C) . 1699.0 |

Temperature of the
pressure tube (©C)

798.0 898.4 [999.0

114.7 1146.8 171.2 1189.3

Temperature of the
'liner (9C)

Average remperature
-of the insulation(“C)

1693.4 [796.6 892.6 1991.8
1 e = S ettt

4041 2471.7 1531.9 1590.6

BUNE TSR S S

1

Heat transfer
ELOfolClent (kcal/m2hO

- Heat Fiux per
‘ynit length (kcal(mﬁ)

F

‘Effectlve thermal

conductlwlty(kral/mhoc) .2G7 | .388

i

1

€)} 10.00 10 95 | 11 78 112,41

| 1964 8 2880. 6. 13695314359,

! s
: ;
! %
i
i

TR S
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Appendix 3. Comparison with the measured and calculated results of

radial temperature distribution in the insulation

Radial temperature distribution is calculated by using the following

equation.
(1) Assuming that thermal conductivity of the insulation is constant.

dt

Q = —X2nr ar (1)
- . T
CES In (ro) + tg (2)
Q : heat flux per unit length
A thermal conductivity of the insulation
t : temperature
r : radius

rg ¢ radius of the liner

tp : temperature of the liner

(2) Assuming that thermal conductivity is a linear function of
temperature,
Thermal conductivity of insulation derived from the measured

results of Fig. A3-1 is expressed as follows.
A= 0.168 + 4.53 x 107"¢ (3

Radial temperature distribution of the following equation (4) is

obtained by substituting equation (3) into equation (2).

Q= —(0.168 + 4.53 x 10~%t)2rr %%
t Tr
[7-(0.168 + 4.53 x 107%t) dt = R
2m T
t T
¢ 0
-0.168 +—/6.1682—2'4.SBXI0'”-(-E%?§X1O““t02~0.l68t0+é%1n(§%))
t =
4.53 % 10~"

(4)

Figures A3-2, A3-4 show the comparison with the measured and
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calculated results. 1f linear dependency of temperature on thermal

conductivity is assumed, the measured results approximately agreed with

the calculated values.
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