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ABSTRACT

Coaxial double walled piping is planned to be used for a primary
cooling system piping of the Very High Temperature Gas-cooled Reactor (VHTR)
of JAERI. The piping consists of an outer pressure pipe for the reactor
inlet gas flow and an inner pipe with internal insulations for the reactor
outlet gas flow. The internal insulations are designed to consist of two
layers; metal insulation is in the extremely inside for the higher tempera-
ture gas and fibrous insulation is between the inner pipe and the metal
insulation. The thermal characteristics of inner pipe with two insulation
layers are necessary for the designing of the primary cooling system piping.

Authors performed thermal characteristics tests by using Kawasaki's
helium test loop (KH-200), which has two hot gas ducts test sections of
267.4 mm diameter and 5,000 mm length with simulated two layers insulation.
The one is installed in a horizontal position and the other is in a vertical
position. The tests were conducted at the temperature of 500 to l,000°C,
the pressure of 20 and 40 kg/cm2G, and the flow rate of 100 and 200 g/s.

The distributions of temperatures and heat flux on the surface of the
ducts are confirmed to be within an allowable range. The test results were
analyzed, and useful design data of the metal insulation and the fibrous
insulation were obtained.

1. Introduction

The Very High Temperature Gas-cooled Reactor (VHTR) of JAERI is planned
that the reactor outlet temperature is 950°C, the reactor inlet temperature
is 395°C and the pressure is 40 kg/cm2G. For this operating condition, the
primary cooling system piping has been designed as the coaxial double walled
type shown in Fig. 1, which consists of an outer pressure pipe for the
reactor inlet gas flow and an inner pipe with internal insulation for the
reactor outlet gas flow. In order to keep the structual integrity of the
inner piping, it is protected from very high temperature by the internal
insulation and the continuous cooling with the reactor inlet gas flow.
The internal insulation is divided into two layers by a partition pipe to
suppress a natural convection flow across the insulation.

To confirm the thermal performance of the two layers insulation, thermal
characteristics tests were performed on the condition of helium gas flow by
using Kawasaki's helium test loop (KH-200), including two hot gas duct test
sections shown in Fig. 2.
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2. Description of the test sections and parameters

(1) Hot gas duct test sections

Two hot gas duct test sections were fabricated simulating the inner
pipe of the coaxial double walled piping of VHTR. These two test sections
have the same dimension except fibrous insulation's packing density. The
diameter of the test section was 267.4 mm and the length was approximately
5,000 mm including a bend pipe.

The internal insulation between the pressure pipe and the liner con-
sisted of two insulation layers with a partition pipe. The metal insulation
made of inconel 600 was used in the extremely inside insulation layer for
the higher temperature gas, and Kaowool made of A&2O3 and SiO2 was used in
the outside insulation layer.

The core section of metal insulation was made of 32 foils, each 0.05 mm
thickness. The insulation consists of alternate layers of plane and dimpled
foils. Three sides of the core section was covered with 0.8 mm thick cover
plates. The cover plates were welded in each other. One side of the metal
insulation was opened to make helium gas passage freely. The total thickness
of the metal insulation was 25.3 mm. A gap between the inner cover plate
and the liner was 2 mm, and a gap between the outer cover plate and the
partition pipe is 2.4 mm. Z shaped transition pieces were welded on the
outside of the liner and on the inside of the partition pipe. The end cover
plate of the metal insulation is welded on the inside of the partition pipe.
Thus there is no bypass flow through the gap between the metal insulation
and surrounding pipe.

In the case of outside insulation layer, Kaowool was packed between the
pressure pipe and the partition pipe. The packing density of the test section
"A" is 300 kg/m3, and the test section "B" is 250 kg/m3. The total thickness
of the fibrous insulation was 44.5 mm. Conical shaped transition pieces were
welded on the inside of the pressure pipe to suppress a bypass flow and to
support the internal insulation.

Two thermocouples were inserted into the center of the liner pipe to
measure the flowing helium gas temperature. In order to measure the tempera-
ture distribution of the insulation, 33 thermocouples are installed on the
outside surface of the partition pipe, 12 thermocouples on the outside surface
of the transition pieces and 27 thermocouples on the outside surface of the
pressure pipe.

(2) Test conditions and measurement

Thermal characteristics tests were performed by using the test loop.

At first, the hot gas duct test section "A" was installed in a horizontal
position and test section "B" was installed in a vertical position. The tests
were conducted ranges between 500 and l,000°C of the heater outlet helium
temperature. The test pressure was 20 and 40 kg/cm2G with the flow rate of
100 and 200 g/s. Then the position of the test section "A" and "B" were
exchanged in each other, and tests were continued.

- 2 -



The temperature distribution in the insulation layer and at the surface
of the pressure pipe were measured with thermocouples and a radiative thermo-
meter. The heat flux in the vicinity of the thermocouples on the surface
of the pressure pipe was measured with a heat flux meter.

3. Test results

(1) Temperature distribution in the insulation layer and on the surface of
the pressure pipe

Figs. 3 and 4 show the temperature distribution of the test section
"A" and "B" respectively at the gas temperature of l,000°C, the pressure of
40 kg/cm2G and the flow rate of 200 g/s.

In the case of the test section "A" in the horizontal position, the
average temperature of the partition pipe was approximately 66t)°C, and the
circumferential and longitudinal temperature distribution was within a range
of ±25°C of the average temperature. The outside location of metal insulation
joint section was approximately 30°C higher than the other section. This was
caused by the thermal conduction of the metal of the insulation connecting
section. The average temperature on the surface of the pressure pipe was
approximately 195°C, and the circumferential and longitudinal temperature
distribution was within a range of ±15°C of the average temperature. No hot
spot was observed.

In the case of the test section "B" in the vertical position, the tem-
perature distribution was almost same as that of the test section "A".

Fig. 5 shows the temperature distribution at the transition piece of
the test section "A" at the gas temperature of approximately ls000°C, the
pressure of 40 kg/cm^G and the flow rate of 200 g/s. The temperature dis-
tribution at the transition piece was close to linear. The circumferencial
temperature difference was within 15°C. As the temperature difference of
the pressure pipe in the vicinity of the transition piece was approximately
5°C, the effect of the transition piece on the temperature distribution of
the pressure pipe was low.

Fig. 6 shows the heat flux distribution of the test section "A" in the
horizontal position. Each heat flux was measured at the pressure pipe near
the thermocouples installed on the pressure pipe. The average heat flux was
approximately 2,060 kcal/m^h and its distribution range was approximately
within ±300 kcal/m^h of the average heat flux. There was no abnormal heat
flux.

Fig. 7 shows the temperature distribution on the pressure pipe surface
of the test section "A" measured by a radiative thermometer. Test conditions
were the same as shown in Fig. 3. Both upper side pictures (picture 1A and
2A) show the location of the measurement. Center line of each graph in the
lower side pictures (picture IB and 2B) shows a temperature of 190°C, and
one scale shows 10°C. The temperature distribution measured by the radiative
thermometer was within 180 to 210°C. A peak temperature of 240°C in the
picture IB is an influence of an emission of a paint (emissivity = 0.99) of
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+ mark shown in the picture 1A. The lower flat temperature distribution in
the picture 2B is an influence of a clamp for a pipe hanger. Other sharp
negative peaks shown in the picture IB and 2B are due to an influence of
compensating lead of thermocouples. Therefore, no hot spot was detected,
and this result agrees with the result shown in Fig. 3.

In case of the test section "B", almost the same results were also
obtained.

Further, to confirm the effect of the vibration, the authors performed
a seismic test by using the test section "B" and compared the thermal dis-
tributions before and after seismic loading test. Both the temperature
distributions agreed well.

(2) Effective thermal conductivity of the insulation layers

Effective thermal conductivity at each test positions were obtained by
using the heat flux, partition pipe surface temperature, pressure pipe
surface temperature and room temperature. The calculation method of the
effective thermal conductivity is described in Appendix. The estimated
effective thermal conductivities of metal insulation and fibrous insulation
were plotted in the Fig. 8 and Fig. 9. The estimated effective thermal
conductivities were arranged by using simple regression.

4. Discussion

(1) The regression lines of the effective thermal conductivity

Fig. 10 shows the regression lines of the effective thermal conductivity
of the metal insulation of the test section "A" in the horizontal position.
The regression line at the helium pressure of 40 kg/cm^G and the flow rate
of 200 g/s is higher than the others. The conductivity at the pressure of
20 kg/cm2G shows about 10% lower value than that of the test pressure of
40 kg/cm^G, and this is thought to be the gas density difference. As the
conductivity at the flow rate of 100 g/s and pressure of 40 kg/cm^G is a
little lower than that of the flow rate of 200 g/s and pressure of 40 kg/cm2G,
the difference of flow rate is considered to be small effect.

Fig. 11 shows the effective thermal conductivity of the metal insulation
of the test section "A" and "B" at the helium pressure of 40 kg/cm2G and the
flow rate of 200 g/s. The test results in the horizontal and vertical posi-
tion showed a good agreement. The test results of the test section "B" shows
relatively higher thermal conductivity than those of the test section "A".

Fig. 12 shows the effective thermal conductivity of the fibrous insula-
tion at the helium pressure of 40 kg/cm2G and flow rate of 200 g/s. The
results were slightly difference each other, but it is thought to be no
remarkable difference due to test positions and insulation packing density.
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(2) Comparison of the thermal conductivity

Fig. 13 shows a comparison of the thermal conductivity between afore-
mentioned flowing helium test and the stagnant helium test of KHI. The
representative lines used in the former test is shown in Fig. 11 and Fig. 12.

The stagnant helium test was conducted by using the full sized diameter
test section of the inner piping of VHTR. The internal insulation consisted
of two insulation layers; metal insulation was used for the higher tempera-
ture insulation layer, and Kaowool was used for the low temperature. The
test section length was 4,500 mm. Helium gas was charged in the test section
and heated by an electric heater. The test was conducted at the helium
temperature of l,000°C and the helium pressure of 40 ^

The measured data of KH-200 almost agreed with those of the full sized
stagnant test data in both cases of the metal insulation and the fibrous
insulation.

5. Conclusions

The following conclusions are obtained-

(1) The temperature distribution with two layers thermal insulations is
almost uniform and no hot spot is observed.

(2) Useful design data of effective thermal conductivity of the metal
insulation and fibrous insulation are obtained.

Reference

(1) T. Nakano, T. lino, T. Hagiwara, S. Takano, High Temperature Piping
Insulation Testing. FAPIG No. 94, 1980-3 (in Japanese).
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Appendix. Calculating method of the effective thermal conductivity

_ The heat balance model of the two layers thermal insulation system
is shown xn the figure at the lower part. The heat balance of the system
is dxfxned as following equations.

Q = q • TT • D p 0

= a H e . TT. D u ( T H e - T i )

- T 2 )

( T 2 - T 3 )

Partition
pipe

Liner

AD —-i

Pressure Pipe

2TTX

TT ( T3 " T4)

2TTAF

a air
A V

2TTAT
" T6)

o
a
c

= »air * TT • Dpo(T6 - Tair)

where

Q : heat flux per unit length

a H e : heat transfer coefficient at the inside surface of the liner

a a i r: heat transfer coefficient at the surface of the pressure pipe

AM : effective thermal conductivity of metal insulation

AF : effective thermal conductivity of fibrous insulation

^£ : thermal conductivity of liner

As : thermal conductivity of pertition pipe

Ap : thermal conductivity of pressure pipe

Effective thermal conductivity is obtained by substituting measured q
(kcal/m^h), T H e, T 4, T 6 and T a i r into above equations.

- 6 -



-FIBROUS INSULATION

INSULATION

OUTER PIPE

INNER PIPE

PARTITION PIPE

LINER

" ^ W . • : • ' . • : • : • : • : • * : • ']•:

77 HIGH TEMP. He GAS

950°C 03

LOW. TEMP. He GAS

FIG. 1 CONCEPTIONAL DRAWING OF PRIMARY COOLING SYSTEM PIPING FOR VHTR

4510

to
jcsl
j-e-

-METAL
INSULATION

-FIBROUS
INSULATION

•TRANSITION PIECE

-METAL INSULATION

\-FIBROUS INSULATION

DETAIL "a '

T 0 P MEASURING POINTS

He

BOTTOM

LINER

PARTITION PIPE

PRESSURE PIPE

METAL INSULATION (TEST SECTION " A " AND "B")

INNER COVER PLATE : INCONEL 600
OUTER COVER PLATE : INCONEL 600
CORE SECTION : INCONEL 600,

0.05mm THICKNESS x 32 LAYERS

FIBROUS INSULATION (KAOWOOL)

PACKING DENSITY, TEST SECTION " A " ; 300
TEST SECTION " B " ; 250 kg/m 3

FIG. 2 SECTIONAL DRAWING OF HOT GAS DUCT TEST SECTION "A", "B"

- 7 -



1000

900

800

700
o

UJ 600

Z)
< 500

LU

LU

400

300

200

PARTITION
-PIPE 100

.PRESSURE
\PIPE n

x (He GAS)

(PARTITION PIPE SURFACE)

Be
B

(PRESSURE PIPE SURFACE)

in i j n

BOTTOM

LINER rt m to
FIG. 3 TEMPERATURE DISTRIBUTION OF HORIZONTAL TEST SECTION " A "

(He GAS TEMPERATURE 1000°C, PRESSURE 40 kg/cm2G, FLOW RATE 200
g/s}

1000

900

800

_ 700

<
UJ

600

500

400

300

200

PARTITION

PRESSUREl
o

TOP

x (He GAS)

oSo
S
©

(PARTITION PIPE SURFACE)

(PRESSURE PIPE SURFACE)

in ii n
LEFT"*

'BOTTOM

-LINER

FIG. 4 TEMPERATURE DISTRIBUTION OF VERTICAL TEST SECTION " B "

(He GAS TEMPERATURE 1000°C, PRESSURE 40 kg/cm2G, FLOW RATE
200 g/s)



700

600

500
L>

cc 400

cc

LLJ

( -

PARTITION
vPIPE
\ PRESSURE

\PIPE
\TOP

x
V

LEFT O

300

200

100

D
'BOTTOM

'LINER

TEST POSITION

He GAS TEMP.

93 :50!il7l 293

HORIZONTAL

1000°C

TEST PRESSURE 40 kg/cm2G
FLOW RATE 200 g/s

•=* He GAS FLOW

KAOWOOL

METAL
INSULATION

FIG. 5 TEMPERATURE DISTRIBUTION AT THE TRANSITION PIECE AND
VICINITY; TEST SECTION "A"

3000

E

o

X
_i
U-

<
1X1

2000

1000

PARTITION
-PIPE

PRESSURE
0

\TOP

LEFT©

BOTTOM

LINER

c
e © c

©5 ©

in I n

POSITION

He TEMP.

e

o

HORIZONTAL
1000°C

TEST PRESSURE 40kg/cm2G
FLOW RATE 200 g/s

FIG. 6 HEAT FLUX DISTRIBUTION OF THE TEST SECTION "A'

- 9 -



o
I

(PICTURE 1A) (PICTURE 2A)

(PICTURE 1B) (PICTURE 2B)

FIG. 7 TEMPERATURE DISTRIBUTION ON THE PRESSURE PIPE SURFACE MEASURED BY
A RADIATIVE THERMOMETER



u

>
O

D
2
O
u

Ior
LU
X

LU
>

( -

LU

MEASURING POINTS
• TOP
G LEFT
A BOTTOM

TEST SECTION
POSITION
He TEMP.

" A "
HORIZONTAL
1000°C

REGRESSION LINE OF Xeff

TEST PRESSURE 40kg/cm2G
FLOW RATE 200g/s

0.00 100.00 200.00 300.00 400.00 SOO.OO 600.00 700.00

MEAN INSULATION TEMPERATURE (°C)

BOO.00 900.00 1000.00

FIG. 8 CALCULATION RESULT OF EFFECTIVE THERMAL CONDUCTIVITY
(METAL INSULATION)

, to

JE -

' 
(K

ca

0
.7

2

~
IV

IT
\

1— (D
CJ in -

Q °
2
O
u n

< o

X
JJ

H S-

—
o
LUUL »
J . — -
1X1 o

1.
00

p REGRESSION LINE OF Xeff

\

\ ° i £
S i A a*^?,———^

MEASURING POINTS
• TOP
©LEFT
^BOTTOM

TEST SECTION " A "
POSITION HORIZONTAL
He TEMP. 1000°C
TESTi PRESSURE 40kg/cm2G
FLOW RATE 200g/s

0.00 100.00 ZOO.00 300.00 400.00 500.00 600.00 700.00 BOO.00 SOO.OO 1000-00

MEAN INSULATION TEMPERATURE (°C)

FIG. 9 CALCULATION RESULT OF EFFECTIVE THERMAL CONDUCTIVITY
(FIBROUS INSULATION)

- 11 -



u
o
JZ

E

O
O

EC
UJ
X

0.7

0.6

o
— 0.5

0.4

0.3

0.2

H
O
LU n 1

u_ U.I

40kg/cm2G, 200 g/s

40kg/cm2G, 100 g/s

20kg/cm2G, 100 g/s

0.7

0 200 400 600 800 1000

MEAN INSULATION TEMPERATURE (°C)

FIG. 10 EFFECTIVE THERMAL
CONDUCTIVITY OF THE
METAL INSULATION OF
TEST SECTION "A"
(HORIZONTAL)

u
0.6

o

0.5

3
O
Z
oo

0.4

0.3

cr
I

0.2

LU

£ 0.
LJJ

TEST PRESSURE 40kg/cm2G
FLOW RATE 200 g/s

TEST SECTION "A" , HORIZONTAL

TEST SECTION "A" , VERTICAL

TEST SECTION "B" , HORIZONTAL

TEST SECTION " B ' \ VERTICAL

0 200 400 600 800 1000

MEAN INSULATION TEMPERATURE (°C)

FIG. 11 EFFECTIVE THERMAL
CONDUCTIVITY OF THE
METAL INSULATION

0.7

0.6

CO

u
- 0.5
>-

a
2
O
u
-J 0.3
<

UJ

UJ

o
S o.i

He PRESSURE
FLOW RATE

40kg/cm2G
200 g/s

TEST SECTION "A" , HORIZONTAL

TEST SECTION "A" . VERTICAL

TEST SECTION "B " , HORIZONTAL

TEST SECTION "B" , VERTICAL

I i I i I i I i

0.7

0 200 400 600 800 1000
MEAN INSULATION TEMPERATURE (°C)

FIG. 12 EFFECTIVE THERMAL
CONDUCTIVITY OF THE
FIBROUS INSULATION

o
JZ

E
0.6

> °'5

0.4
Q
2
O
O

0.3

UJ

0.2

u
E o.i

METAL INSULATION
KH-200 TEST

STAGNANT He TEST OF KHI

FIBROUS INSULATION
KH-200 TEST

STAGNANT He TEST OF KHI
J | , I I I T

0 200 400 600 800

MEAN INSULATION TEMPERATURE

1000

FIG. 13 COMPARISON OF
THERMAL CONDUCTIVITY

- 12 -


