


��� 2009� 4�   J. HTSJ, Vol. 48, No. 203 

�������	
���
�������������������  !"#$�%&

Soot formation in a droplet combustion exposed to a low external flow velocity under microgravity 

��� 	
��
��� Osamu FUJITA (Hokkaido University)  

ofujita@eng.hokudai.ac.jp   

� ��������������� μ !"#$%�&���'()*!+,-./01.23�%456���

!'()�7689:;<=>?@A�BC/0D3EFG%HF��IJD4KL6����6M23<=>?

@A�NOIPQRS!/0T%��'U6VDWXM)�YZ/%[\�<=>?@AI]^3_!W`abc

de3Ef_d%g"hijIkJ23_!dWXM)�NOIlm/%no0"#;<=>?)@
2.6cm/s�

�pd����Iqr/sEg"hij�tu�vwxy6;3�%89:;<=>?@AI]^3!%tu�)

*�z)G{|}~sy�!;3E#�6%����N6RUtu���22Ib��/s!_�%���RS6

����622�A��D�������*%_*�z)|}~0D3�����#*sE_*�%���(�z

���tu6�*3 Soot Shell�z)��%<=>?@A�NOd�*s��de3!�^�*3E s%_� Shell

�¡�6¢$£¤2322�N�z)6¥¦+§%Shell��6¨ ©0$3���8:3�%_*�tu! Shell

�7�ªA«¬6R3�­.®¯d22� ShellG{6°±#*s²¯!³´/0D3E

� µ���%¶·����¸Z�¹º»¼½
�¾¿hÀ�!Ái/ÂÃ/sT�d2E__6Ä\IÅ/ 2E�

0 2mm

0� 2mm

'(Æ�)@2.6cm/s�p6Ç:

*s�&��tu��È��


)*�É:�Ê%���%�

���� 2.3mm�Ë7IÌ^s

T�E�&Ín-ÎÏÐÑÒ,'(

ÓÔ�A 35%�

Flow direction 

�Ètu!Õ·6�N/stu

���22ZÖ��
532nm×Ø

Ù�I���!/0�N, ÚÛ

Ü!/0 125μm �ÝÞßàáâ

ØIãJ�

http://www.htsj.or.jp/heat-page.html



Vol.48 2009 

No.203 April 

�� � �

 

�� �

 

�������	
��
���

�������	
�············································��
������������ ··············1 

HYDROGENIUS������� !"��#$%&'��#$(#�)*+,�)*+ 

······················································································-./0������ ··············7

���1234���1256································789:�;<=>?@%&A� ············ 20 

��(BCD+················································/EF���G�HIJKL%&A� ············ 26 

MKNCO�PQRSTUVWXYZ�[M�\] ·············^_�`�abc<��� ············ 34 

�de�fghi����	
�jk 

································_lmn�;?%���
�������opqr�;?%� ············ 40 

 

���������

��stuvX���XYVWwu ··········xyz{�.�|}�~_�������� ············ 48

�	�����V��VS������····································���������� ············ 54 

�� 8��������RV�������� 1 ¡�K¢£�

····························¤¥¦n, §¨�©, .Iª, «¬­0�®¯°±%&��²³� ···············

·················E¤´µ, ¶y·¸�/¹º²�»_­��/¹º²Ru�¼½¾u¿� ············ 58 

 

������

À	ÁÂÃÄÅ·······································································y�Æ�Ç���� ············ 63

 

������ �heat-page�

ÈÉÊËÌÍÎ�ÏÐÉÑCX¾Ò�ÓÔ�Õ"Ö6×ØÙÚ�ÛÜ�ÝÝÞß³à�áâã

···················································································_�ã ä�åæ���� ······çèé

 

�!"#$%&'�··········································································································67

 

��()*�

ê 14ëìíî	ïð'IHTC-14ã ñòóô� õö÷�ïø� ············································· 68 

ê 46ëHIî	Wuù�úZ�û�ü�ýþ� ··································································· 69 

���+ö���············································································································89 

�ô�	¨ï
V�·········································································································94 

 



Vol. 48�No. 203�April 2009 

CONTENTS

�Special Issue�

Hydrogen Isomers and Its Thermophysical Properties 

Yasuyuki TAKATA, Naoya SAKODA (Kyushu University) ·························································· 1 

Research of Hydrogen Embrittlement in HYDROGENIUS Project 

Saburo MATSUOKA (Kyushu University) ···················································································· 7 

Hydrogen Storage and Transportation: Hydrogen Storage Materials 

Etsuo AKIBA (AIST) ··················································································································· 20 

Safety Research on Hydrogen Fueled Vehicle 

Hiroyuki MITSUISHI (Japan Automobile Research Institute) ······················································ 26 

Feasibility Study of Active Carbon Recycle Energy System 

Yukitaka KATO (Tokyo Institute of Technology) ········································································· 34 

Measurements of Thermophysical Properties of Hydrogen at High Pressure and High Temperature 

Motoo FUJII(AIST) Yasuyuki TAKATA(Kyushu University), Kan-ei SINZATO (AIST) ············ 40 

�Project Q�

Hydrogen Refueling Station in University Campus 

Joichi SUGIMURA, Nobuhiro OKADA, Kohei ITO (Kyushu University) ···································· 48 

Development of  “KOBEHONRTSU” Heat Releasing Steel Sheet 

Kazuo Takahashi (Kobe Steel Ltd.) ······························································································ 54 

The First Annual Characteristics Test of Deployable Radiator (DPR) of Kiku-� on Geo Stationary Orbit 

Haruo KAWASAKI, Takahiro YABE, Atsushi OKAMOTO, Yasurou KANAMORI(JAXA), 

Hiroaki ISHIKAWA, Takehide NOMURA(MELCO), Yasuyuki SAITO (MEE) ·························· 58 

�Contribution�

Heat-resistant Glass Optical Fiber 

Yasushi MURAKAMI (Shinshu University) ·················································································· 63 

�Opening-page Gravure: heat-page�

Soot formation in a droplet combustion exposed to a low external flow velocity under microgravity 

Osamu FUJITA (Hokkaido University) ······································································ Opening Page 

�Calendar�·························································································································································· 67

�Announcements� ············································································································································ 68 



�������	
��
�

��� 2009� 4� - 1 - J. HTSJ, Vol. 48, No. 203 

��������

��������������� !"#$%

&'()"*+�,-./01�023456%

73 �89:;<=>?@�AB(PEFC)�@

� !"CD()0EFGH�"*+IPEFC G

JK!9@�ABL(FCV)���MNO�0PQ

35MPa�<R��%ST()"*+%0UV�S

T-WX��LYZ�[\]^G_+9`O0U

a 70MPa-�STbcd8"*+I ef%0e

��g�h<Ri������	j�klj�m

nOop!"*+�%kq-.+I

���r�4s� tu 2v>=>-.+%0

w�x+y*�w)z{|-��*I}~%�n

� �  � � - * + � , � 0 � � X � �

(ortho-hydrogen, o-H
2
) ���� (para-hydrogen, 

p-H
2
) *g 2���	;(isomer)����-./0

e)G}~�������(normal hydrogen, n-H
2
)

 ��-*+Ie��	;% Bonhoeffer Harteck

O�/3�()9�� 1929��e -./0��

�w�3��� 80�%��!9e O�+IkD

�O������� �������	%���

�-.+%0��4������*������

	���-��+jG��I1935�� Farkas��

�[1]O�0����4���G������	%

 !�d `�)"
/0��O¡¢+£¤��

	j� ¥8"b�*-.fgI

1948 �O Woolley �[2]%��/¦§¨�©ª0

R«¬iO­D-®+¯°±z²G23!"*+I

e�¯°±z²�PQ-bUaC³)"
/0�

��U´%µ¶¢+·��¸-23!"*+¹;

���	j¸º·�»¼�½¾�¿ PROPATH O

bÀZÁd)"*+I

w�Â0º¾½Ã@� !"�����	j�

Ä�	��01970�ÅOMcCarty�O�8" Æ

�����	jÇ�È�%É~ ÊË[3,4,5]()

9IMcCarty �Ç�È�O�0<R0<©i��

	j%ÌK()"*+%0ÂÍ¢+�gO0kl

Ç�È�Î!�0ÏR0Ï©i�Ç�È���Ð

Ñj%C³)"*+I

2007�O0Leachman[6]0GERG[7]�¯°±z²

%23()"*+%0<©0<Ri�klÇ�È

�4�/ÒQÓÔ0¯°±z²�§¨GÕÖ!"

CD!"*+�%P¯-.+IFCV���MN�

<R×OØ8"0100MPa d-�klÇ�ÈGÙ

Ú!0<Rid-Ûª%ÜÝ()9¯°±z²�

23%Þd)"*+Ie��g�¯ß-0���

��	O�*"�à�GÙá!"
�e �mn

O��-.+Iâã-�0����	;0�«ä

	,
��åæ	,�P¯Gçè¢+I

	��
��
���

	��� ��������������
��

��� 2v>=>-.+%0éêë��ì®�

í*O�/0��X ��� 2���	;%ÒQ

¢+I�n���Wê0¢�³î�������0

��X 75ï0�� 25ï����-.+I��X 

���ðñ��©ªOòÒ!0��ó���ñ=

�ô�0�²-õö�)+[1]I

2

( 1) /

even2

( 1) /

2

odd

p-H

1

(2 1) (1)

[p-H ]

[o-H ] 3(2 1)

j j B kT

j

j j B kT

j

j e

j e

β

β

β

− +

=

− +

=

⎫
=

⎪
+

⎪
⎪

+ ⎬

⎪
= =

⎪+

⎪⎭

∑

∑

��

ee-0B/k=84.837-.+I²(1)G©ªO÷!"

¸º½Ã!9�%ø 1-.+I²(1)�0w�©ª

O÷¢+��X¼���ùú¯°�ðñ�Gõö

+Ie�Àñ���Gùú�� (equilibrium 

hydrogen, e-H
2
) �ûIø 1��0Ï©O�+O�

)"�������%üý!0þ;���� �

�����-ðñ()+e %³�+I

�������	
�
Hydrogen Isomers and Its Thermophysical Properties 

<�Ü�0������	
ä�

Yasuyuki TAKATA and Naoya SAKODA (Kyushu University)

e-mail: takata@mech.kyushu-u.ac.jp, sakoda@mech.kyushu-u.ac.jp



�������	
��
�

��� 2009� 4� - 2 - J. HTSJ, Vol. 48, No. 203 

10
1

10
2

10
3

0

0.25

0.5

0.75

1

Temperature (K)

F
r
a
c
t
i
o

n
 
o

f
 
p
-
H
2

o-H
2
   75%

p-H
2
   25%

Equilibrium Hydrogen: e-H
2

Normal Hydrogen: n-H
2

Figure 1: Equilibrium composition of para- and 

ortho-hydrogen as a function of temperature 

��������	
���

��X �����
�O� 2����¢�®

	,%.+IU��0
��ª%�`"�* *

ge -.+I������G��!"þ×!"

bþ×�����X¼��ðñ��������

�dd-.+I��%��O�)"0�~O��

X������
�%��%0�=���X��

%����O
�¢+�O 1�����+ ¥³

)"*+I!9%8"0þ×¸��Ã��-��

	��GD*"0
�Gý�(Ó"����G 

!¢+I

bg 1���"�0��X����O
�¢+

#O��3$GØg *ge -.+I3�ô�

©ªOòÒ!0300K%1-�0������{&

,ô.9/�
��� 27kJ/kg zª '(*%0

()*+(20.4K)O
,+
��� 523kJ/kg -.

/0e�j�-3.� 448.3kJ/kg �/b
®*I

þ×()9�������ó���X��%��

��O
�¢+#�3�O�/0/0-3%$u

+ILarsen[8]���X¼��
��#���X�

��1ªG�²-õö"*+I

2

0

/

1/[(1/ ) ]

dx dt cx

x x ct

⎫= −

⎬

= +
⎭

� � � � �          (2) 

ee-0c=12.65210
-3

hr
-1-./0x

0
�¤&¯°�

��X���1ª-.+Iþ;���,ôG

m(kg)0-3.� 
��Gw)3)0Δh
evap
0Δh

conv

 ¢+ 0MN%4�¯°-5¨���67��

�* ¢+ 

( / ) ( / )
conv evap

h m dx dt h dm dt−Δ = −Δ � �  (3) 

�¡8%.+�-0MN9O:Ò¢+þ;���

,ô;���²-<=-®+I

0

0 0

1

ln

1/

conv

evap

hm

x

m h x ct

⎛ ⎞⎛ ⎞ ⎡ ⎤Δ

= ⋅ −⎜ ⎟⎜ ⎟ ⎢ ⎥
⎜ ⎟Δ +

⎝ ⎠ ⎣ ⎦⎝ ⎠

� � (4)

²(4)-0ST��¤&���X���;�G 0.1

>0.75d-
×(Ó"04�MN9�:Ò¢+þ

;���;�G?`"Z+ ø 2��gO�+I

þ;���¤&Àñ%������(x
0
=0.75)�@

��0
��O�+/0-3-þ;�;�%A

42%d-BC!"!dge %³�+I

e��gO0��X¼��
�O�*"�0D

&OE+Fl%Ä���-0GHO�+IJ%C

�*Id90��ó���X¼��ðñ�GlK

¢+O�0NMR 4���=FGD*+±L%.

+%0UMNO���0���� ������

������í*GPD!9lKL-./0þ×

��¸��Ã��-QD()"*+[9]I

10
0

10
1

10
2

10
3

10
4

0.4

0.6

0.8

1

Storage time, t (h)

M
a
s
s
 
f
r
a
c
t
i
o
n
 
o
f
 

r
e
m

a
i
n
i
n
g
 
l
i
q
u
i
d
,
 
m
/
m

0
 
(
-
)

x
0
=0.75

0.6

0.5

0.4

0.3

0.2

0.1

Initial o-H
2
 concentration

Figure 2: Mass fraction of remaining liquid in 

adiabatic container 

�������	
���

��
 ��� �������

� ���RS+�0RS©ª 33K0RSR«

1.3MPa  mnOÏ©0ÏR- PVT �¯°TU�

ø 3��gO�8"*+IPVT�¡8�0���

��� ����-� ��
³��*Iø 3�

�V����gO0���Wª�mnO'(�0

X ö Y 60ºC - 100MPa d - R Z ! " b

22.9mol/dm
3

(= 46.2kg/m
3

)zªO!����*Iá

[\;O1* Hö�)+��]%0á[\;�

¯°±z²^P = ρRT -WªG<=¢+ 0



�������	
��
�

��� 2009� 4� - 3 - J. HTSJ, Vol. 48, No. 203 

36.1mol/dm
3-.8"058%b��+e ��0á

[\;-�ÅD�_`-04�/ab��	j%

Ä�ocd-.+I

0 10 20 30 40

400

600

800

0

20

40

60

80

100

T

c

2
0
K

2
5

K

4
0
0
 
K

3
0
0
K

4
0

K

5
0
K

6
0
K

2
0
0
K

8
0
K

1
5
0
K

1
0
0
K

2
5
0
 
K

80 MPa

50 MPa

10 MPa

20 MPa

30 MPa

5 MPa

M
e
l
t
i
n
g
l
i
n
e

Solid

phase

T
e
m

p
e
r
a
tu

r
e
 (
K

) Density (mol/dm
3

)

P
r
e
s
s
u

r
e
 
(
M

P
a
)

200

50

5
0
0
 
K

6
0
0
 
K

7
0
0
 
K

8
0
0
K

100 MPa

Figure 3: PVT surface of hydrogen calculated from the 

equation of state of normal hydrogen by Leachman [6] 

0 100 200 300 400 500 600 700 800

0.1

1

10

100

Temperature (K)

P
r
e
s
s
u

r
e
 
(
M

P
a
)

 Younglove (1982)

Critical point

Bartlett (1927), normal Bartlett (1928), normal

Bartlett (1930), normal

Machado (1988), normal

Michels (1941), normal Michels (1959), normal

Jaeschke, Ruhrgas

       (1990), normal

Scott (1929), normal

Verschoyle (1926), normal

Wiebe (1938), normal

Townend (1931), normal

Goodwin (1963), para Roder (1963), para

Weber (1975), para

Presnall (1969), normal

Figure 4: Distribution of PVT for hydrogen 

� ������	
��
����������

���������� !"#�$ PVT % 1963

&�Goodwin'[10]�($)*+,15K-'100K�

.�+, 35MPa /��0123456+,�7

8�(�9'-��:�;<#=>$?@ABC�

1970&D3EF� NBS(G NIST)# NASA�(:

��0123EF�HI� PVT 78JKLA<?

1980&D�M$#�NO��78%PIKLA�

I�:<J�Q&RSTU���VWJX/:�


$?2007&�% Jacobsen'[11]JYZ����

���[7\]^3/#_�
$?̀ 4� PVT�

[7\ab3cd?423K/�% van der Waalse

fg� Michels '[12,13]J78\3^hi�
$

J�@ABj�)*�%k#lm78JKLA�


�
�JG���$?

Younglove[14]% 1982 &�noTU�pi�)

*+, 14K(qrs)*)-' 400K�.�+,

121MPa /��t2�uvwx���(5)�yLz

A$ Modified Benedict-Webb-Rubin (MBWR){�

�����3��i<?|������%�25&

Bj�};�L<�6I~vzA�
$?

� 2007 &�%��������3EF#d$�

�!���$ GERG[7]J�!��TU�pi��

(6)-'�(8)�cd(�� Helmholtz������

!�����zA$�����3�)*+, 14K

-' 700K�.� 300MPa/��t2�pi���

i<?/<�NIST-���������!��

Leachman[6]%����TU�noTU��!��

TU� 3 ��TU�pi��14K -' 1000K�

2000MPa /��6+,�L<$�����3

GERG#���Helmholtz��{���i<(�(9)

-'�(11))?[7\�RG�-'� d$#�G

��% Leachman ������3v
$|#J¡

/i
?i-i|A'������%¢£�[7

\3v
���zA�	��[7\�pd$RG

�% Younglove ������#¤¥i�¦ji�


$J�§)�§.2%¨©������	ª<

�§«*�[7\�^hJ¬¡zA�
$?

Younglove������

)exp()///(

)exp()//(

)exp()//(

)exp()//(

)exp()//(

)exp()//(

)/()//(

)/()//(

)()/(

)//(

)//(

24

32

3

31

2

30

13

23

29

2

28

11

24

27

2

26

9

23

25

2

24

7

24

23

2

22

5

23

21

2

20

3

2

19

92

1817

8

16

72

1514

6

13

5

121110

4

2

9876

3

2

543

2/1

21

2

γρρ

γρρ

γρρ

γρρ

γρρ

γρρ

ρρ

ρρ

ρρ

ρ

ρρ

TNTNTN

TNTN

TNTN

TNTN

TNTN

TNTN

TNTNTN

TNTNTN

NTNNTN

TNTNNTN

TNTNNTNTNRTP

+++

++

++

++

++

++

+++

+++

++++

++++

+++++=

 (5) 

N
i
, γ �������	

GERG������

),(),(/),(
r0

τδατδαρ +=RTTa  (6) 



­X®TU���	(S¯°

±�� 2009& 4² - 4 - J. HTSJ, Vol. 48, No. 203 

)]ln()]ln[cosh(

)]ln[sinh()ln([),(

4,2

3,1

0

III

*

0

δτθ

τθτττδα

+−

+++=

∑

∑

=

=

k

kk

k

kk

m

mccc

R

R

 (7) 

∑∑

==

−+=

14

6

5

1

r

)exp(),(

i

ptd

i

i

td

i

iiiii

nn δτδτδτδα
 (8) 

a �Helmholtz������	

α �
��
��� Helmholtz������	

��� 0 ������

��� r ����

R
* ������(= 8.314510) 

R � !"����( = 8.314472) 

δ = ρ / ρ
c
, τ = T

c
/ T

ρ
c

�#$%&

T
c

�#$'&

c
I

, c
II

, c
0
, m

k
, θ

k
, n

i
, d

i
, t

i
, p

i
�()*+",�

Leachman ������

),(),(/),(
r0

τδατδαρ +=RTTa  (9) 

∑

−

⎟

⎠

⎞

⎜

⎝

⎛
+=

k

k

kk

k

P

Tu

Tu

T

u

vn

R

C

2

2

0

0

]1)/[exp(

)/exp(  (10) 

∑

∑∑

=

==

−−−−+

−+=

14

10

9

8

7

1

r

)]()(exp[

)exp(),(

i

iiii

td

i

i

ptd

i

i

td

i

Dn

nn

ii

iiiii

γτβδϕτδ

δτδτδτδα

 (11) 

0

P

C �������	
�

n
0
, v

k
, u

k
, n

i
, d

i
, t

i
, p

i
, ϕ

i
, D

i
, β

i
, γ
i
��
�����

0

α ��������� 0

P

C ����

�

�������	
�

� ������	
��
��	
��
���

�������
���������� !���

"#$%&�'()�$*+�,-./01�2

3405678���� 9)/0:;<!=�

>?@A�:;<8BC2D�E0�1F3G0

2�HI<8J+9KL,!�PVT �!M@N�

O��67�PQ678R�*STL�UV8H

I<*J�WX01�2YZ3G05

� [ 5 ! Leachman 8��"#$%&-.L�O

��67�PQ67�\�]�678^_`a�

�9bX0cd��3G05400K3!\�]�6

7�PQ673! 0.5%L%Ref�gEhi8j

k3!l&9m!nlA�op/0qr@st9

@�,�02� 150K 3!\�]�67!

25J/mol·K@89uL�PQ67! 33J/mol·K3G

083�PQ678"2 32%vw4�5O��6

7�PQ678��!�x-'(3^yz9-.

/01�2{|3GN�}~@x-'(8���

�[15]3����9v�Ni�&E,�0518

qr@O��67�PQ678HI9bX0R�

!���*!���/0� zI�9w4A�E

05

O��67�PQ673HI<2M@0���

� 8��L,�[ 6 9 Leachman 8��"#$

%&-.L���8����*�/5[ 6!PQ

678����3G02�50MPa� 100MPa8�

d�98�O��67�\�]�678�d�v

�L,�05��*��"#$%&��/0��

9!�����9^_`a8cd��*�Z�/

0���150K��3\�]�67�PQ678H

I<2M@N��2�Z3G05

0 200 400 600 800

20

25

30

35

Temperature (K)

I
d
e
a
l
 
g
a
s
 
i
s
o
b

a
r
i
c
 
h
e
a
t
 
c
a
p

a
c
i
t
y

 
(
J
/
(
m

o
l
·
K

)
)

p-H
2

n-H
2

o-H
2

Figure 5: Ideal gas isobaric heat capacity  

of ortho-, para-, and normal hydrogen 

50 100 500

0

500

1000

1500

2000

2500

3000

Temperature (K)

S
p

e
e
d

-
o

f
-
s
o

u
n

d
 
(
m

/
s
)

p-H
2
, Saturated vapor

p-H
2
, Saturated liquid

0
.
1

 
M

P
a

0
.
5

 
M

P
a

1 MPa
p-H

2
, 3 MPa

5 M
Pa

p-H
2
, 1.5 MPa

p-H
2
, 2 MPa

p-H
2
, 50 MPa

p-H
2
, 100 MPa

p-
H2

, 1
0
M
Pa

p-H2
,

p-H
2
,

p
-
H

2
, p
-
H

2
,

n-H
2
, 100 MPa

n-H
2
, 50 MPa

o-H
2
, 100 MPa

o-H
2
, 50 MPa

S
o
l
i
d
p
h
a
s
e

Figure 6: Speed-of-sound of ortho-, para-, and normal 

hydrogen

�

��������

�������	
��
���������

����������� !"#$%&'(��

������)*+, Leachman -[16]�.
�

/�0-1��'(2 738��������	




456���7��.89:

��; 2009< 4= - 5 - J. HTSJ, Vol. 48, No. 203 

�)*+>?@AB(�������	
���

��3400KCD�EFGH����)*+I"J

K��L3�MN��OP�)*+�QRIST

U1��'VW�&'(

0 100 200 300 400 500 600 700 800

0.1

1

10

100

Assael (1986), normal

Barua (1964), normal

Boyd (1930), normal

Chuang (1976), normal

Diller (1965), normal

Gracki (1969), normal

Johnston (1940), normal

Kestin (1964), normal

Nabizadeh (1999), normal

Michels (1953), nomal

van Itterbeek (1940), normalvan Itterbeek (1938), normal

Keesom (1938), normalAdzumi (1937), normal

Guevara (1969), normalKestin (1968), normal

Menabde (1965), normal

Critical point

Diller (1965), para

 Younglove (1982)

Temperature (K)

P
r
e
s
s
u

r
e
 
(
M

P
a
)

Figure 7: Distribution of viscosity for hydrogen 

0 100 200 300 400 500 600 700 800

0.1

1

10

100

Assael (1981), normal

Critical point

Clifford (1981), normal

Hamrin (1966), normal

Keyes (1954), normalLenoir (1951), normal

Mustafa (1987), normal

Roder (1970), normalRoder (1970), para

Roder (1984), normalRoder (1984), para

Saxena (1970), normal

Hemminger (1987), normal

Ubbink (1948), normal

 Younglove (1982)

Temperature (K)

P
r
e
s
s
u

r
e
 
(
M

P
a
)

Figure 8: Distribution of thermal conductivity for 

hydrogen

Diller[17], 1965<� 14KX- 100K335MPa�

GH����YZ�������@*[K3\

(12)3(13)%]U1'�����\@^_K�(

),()(
E0

TT ρηηη +=  (12) 

)/exp(),(
E

TBAT =ρη  (13) 

η �����

η
0 

���	
�����

η
Ε 

��
�

A, B ������

�������	
�Roder[18]� 1984
� 78K

�� 310K�70MPa �������������

�������� !��"(14)��"(16)�#$

" %&'()

),(),()(
criticalexcess0

TTT ρλρλλλ Δ++=  (14) 

]1)[exp(),(
excess

−+= βργδαρρλ T  (15) 

)exp(),(
2

critical

xAT −=Δ ρλ  (16) 

λ �����

λ
0

���	
�����

λ
excess  

��
�

Δλ
critical 

�������������

δ, A ������

X ������ 

α, β, γ ���

���������	
��
�������

�������������� !"#$�%&

'(��)*+,-./012�34&'

Chapman-Enskog �526"7�!89�:&;

<=>Chapman-Enskog�526�?�� 10%�;

15%@��A=
BCD<=>

E F'�	
���GH��IJKLM
NOL

M�7�"P%='(QR"ST�A=>U 9�

VWXY�-Z=[\]JLM
NOLM�	


� � � A = > 150K � [ \ ] J L M �

1.0mW/(cm·K)�A=��^��NOLM�

1.3mW/(cm·K)�A='(�_`;� 30%�a&"

A=>

100 200

0

0.5

1

1.5

Temperature (K)

T
h

e
r
m

a
l
 
c
o

n
d

u
c
t
i
v

i
t
y

 
(
m

W
/
(
c
m

·
K

)
)

p-H
2

Ubbink (1948), normal Johnston (1946), normal

Roder (1970), normal Roder (1970), para

 Roder (1984)

n-H
2

Figure 9: Thermal conductivity of dilute para- and 

normal hydrogen 

�������

E bc�dOefghifjklmn(PHEV)�o

pqr"stF�u�FCV�vT�%w�LM�



xyzLM�7�-./{|


	E 2009c 4} - 6 - J. HTSJ, Vol. 48, No. 203 

~���%&���%&�
&���"���A

=>����PHEV �����w�=n
���

���������n���w FCV�%w���

wLM�~�"u=���%&�
����&=>E

�����LM�P�Y�IJK
NO-./�

<;�	7�!�����&����� ¡��

LM�	7�!�� ¢\£�v¤�¥¦�'>

LM�7�!�LM�~��3§
%=¨T%©

ª�Aw���R«��¬­®�7�!�¯°�

�-u_
�±(�¨T�A=
²³�&=>

E �

�	
��

[1] Farkas, A., Orthohydrogen, Parahydrogen and 

Heavy Hydrogen, Cambridge University Press, 

1935

[2] Woolley, H.W., et al., Compilation of Thermal 

Properties of Hydrogen in Its Various Isotopic and 

Ortho-Para Modifications, NBS Research Paper 

RP1932, Vol.41, 1948 

[3] McCarty, R.D. and Weber, L.A., Thermophysical 

Properties of Parahydrogen from Freezing Liquid 

Line to 5000 R for Pressures to 10,000 Psia, NBS 

Technical Note 617, 1972 

[4] McCarty, R.D., Hydrogen Technological Survey- 

Thermophysical Properties, NASA SP-3089, 1975 

[5] McCarty, R.D., et al., Selected Properties of 

Hydrogen (Engineering Design Data), NBS 

Monograph 168, 1981 

[6] Leachman, J., Fundamental Equations of State for 

Parahydrogen, Normal Hydrogen, and Ortho- 

hydrogen, Master's Thesis, University of Idaho, 

2007

[7] Kunz, O., et. al., The GERG-2004 Wide-Range 

Equation of State for Natural Gases and Other 

Mixtures, GERG Technical Monograph 15, 2007 

[8] Larsen, A.H., et al., The Rate of Evaporation of 

Liquid Hydrogen Due to the Ortho-Para Hydrogen 

Conversion, The Review of Scientific Instruments, 

Vol.19, No.4, pp.266-269, 1948 

[9] ´µ¶��· 4 ¸�IJKhNOLM)¹8

�º»�¼½¾¿À\Á�Vol.14, No.4, pp.1-5, 

1985

[10] Goodwin, R.D., et al., Pressure-Density- 

Temperature Relations of Fluid Para Hydrogen 

From 15 to 100 ºK at Pressures to 350 

Atmospheres, Journal of Research of the National 

Bureau of Standards-A. Physical and Chemistry 

Vol.67A, No.2, pp.173-192, 1963  

[11] Jacobsen, R.T., et. al., Current Status of 

Thermodynamic Properties of Hydrogen, 

International Journal of Thermophysics, Vol.28, 

No.3, pp.758-772, 2007  

[12]Michels, A. and Goudeket, M., Compressibilities 

of Hydrogen Between 0ºC and 150ºC up to 3000 

Atmospheres, Physica, Vol.8, pp.347-352, 1941 

[13] Michels, A., et al., Compressilibity Isotherms of 

Hydrogen and Deuterium at Temperatures 

Between -175ºC and +150ºC (at Densities up to 

960 Amagat), Physica, Vol.25, pp.25-42, 1959 

[14]Younglove, B. A., Thermophysical Properties of 

Fluids. I. Argon, Ethylene, Parahydrogen, Nitrogen, 

Nitrogen Trifluoride, and Oxygen, Journal of 

Physical and Chemical Reference Data, Vol.11, 

Supplement No.1, 1982 

[15]ÂÃÄÅÆ�	ÇhÈ8,Ç�ÉÊË�

pp.319-321, 1961 

[16] Leachman, J.W., Current Status of Transport 

Properties of Hydrogen, International Journal of 

Thermophysics, Vol.28, No.3, pp.773-795, 2007  

[17] Diller, D. E., Measurements of the Viscosity of 

Parahydrogen, Journal of Chemical Physics, Vol.42, 

No.6, pp.2089-2100, 1965 

[18]Roder, H. M., Thermal Conductivity of Hydrogen 

for Temperatures Between 78 and 310 K with 

Pressures to 70 MPa, International Journal of 

Thermophysics, Vol.5, No.4, pp.323-350, 1984 



�������	
��
�

��� 2009� 4� - 7 - J. HTSJ, Vol. 48, No. 203 

��������

������������ !"#�$%&'

()*�+,-./ FCV!0���123456

789)��7856:;!0���12345

<;=>�?@ABCDEFG(H�IJKLM)

2002�NF JHFCOPQRSTU��V*�+,

WXOPQRSTYCZ[G(H�[1]I35 MPa

��\;S�]^'_ FCV �`aLbFc)35 

MPa ��7856:;L FCV d���ef')

gGF�Whidjk_	lmnop�qr�Z

s(H�I2008�NFM 70 MPa FCV& 70 MPa

��7856:;d�� 70 MPa WXtuCAv

wG_Ixy! 70 MPa WXtuMz{L|Z[

G(H�IJHFC OPQRST&M}d)~��

���?@�d
H()���V*�+,?@M�

�d�������&'()�%�����CA

vwG_I2005�d)������*�+,��

K�!��7Ti&��	V� 	�j¡�¢�

d)������*�+,£¤�¥?@¦;\5

UFC-CubicYC§�wG_I2006 �d)���¨

i���K©ª«¬9�­&®h
��Wh�!

¯°±²�³��¢�d)��
�£¤´µ?@

¦;\5UHYDROGENIUSYC§�wG_I2007

�dM)��¶·
��¸¹�!	lj¡�¢�

d)��¶·
�£¤�¥?@º�CAvwG_I

K�»LM)��¨i��K©ª«¬9��­

�¼½d¾H()HYDROGENIUS�¿À�$¤�

ÁÂ��Ã)ÄÅÆÇ)ÈÉ�ÊDËd�k(Ì

Í��I

	
��
���

��123456789V<;=>d®hwG

�ÎÏ
�M��dÐwG�_E)��¨iCÑ

Ò!p�&!s(H�I��¨iÓ�HMÔGÕ

ÖM×ØNF?@wG(H�C)HÙÚd��w

G(H!HI��¨iÓ�HMÔGÕÖdÛ��

ÜÝ[2]o�»[2-5]MÞØÓ�IgGF�ßdMÞ

Ø���¨iàá3CÌÍwG(H�C)âãL

M)��¨i©ª«¬9Mä&'(å�¨i»&

æ�çèéê»L»­wG(H�[4, 6-8]Iå�¨

i»M)���ÁÂd��ë�ìí� C�î')

¨	ÕÖCï�o�Ø!�&ðñ�»LÓ�[4,

6]Iæòçèéê»M)��Có	çè�ôõd

')æ��!çèCö÷�_E)íÀ&'(øS

P�dMùwHçèLÕÖ��&ðñ�»LÓ�

[4, 7, 8] I'N')0�F�»Cú'HNd%H(

M)ûüL|�ýC%H(H!HIg��þ!ë

��$¤M)��C���ßLâ|�Ø)ùwH

_E)HÙÙL
�ß���ÃC��L�!Ns

_g&)
�ß�����ü�¾C�	L�!N

s_g&d��Iâã)
��
���D�d�

�
�ß���ÃC��L���þd!s_I

� 1M)
�ß�ÁÂ��Ãd%H()¹12

345V~�����AB�Î NEDO���Ý[9]

d�^wG(H���á5\�Q5�3��d'

_Cs(��'_|�LÓ�[10]Ig���Ýd

M)35MPa�� �ß�&'_�����7ßd


H()�578�<T 78;!7" SUS304)

SUS304L)SUS316)SUS316L)SUS316LN)SUS310S)

SUS630)#3$«%9�& 6061-T6)'�& C771)

��&" SCM440�ÄÅ�	)ÈÉ�	)��Á

Â�	�(�_íÀC�^wG(H�I� 1(a)d

M��&" SCM440)� 1(b)dM�578�<T

 78;!7" SUS304L)SUS316)SUS316L �

íÀ���I)*[9]d�^wG(H����7Ð

+,-&'(M)� C 11.3.45 MPa)�ÇC 358

& 473 K)/ìC 240& 1000 hLÓ�Itu0M

12 4 mm�34LÓ�C)12 2& 3 mm�3

4|$ò®h'(H�I

�5678dÓ�&���9��Ã C
H
M):

;�Q5�3��L<wG�I

HYDROGENIUS �������	
��
�����

�
�������������
Research of Hydrogen Embrittlement in HYDROGENIUS Project 

=>�?U@ABµY

Saburo MATSUOKA (Kyushu University)

e-mail: smatuoka@mech.kyushu-u.ac.jp



�������	
��
�

��� 2009� 4� - 8 - J. HTSJ, Vol. 48, No. 203 

( ) ( )[ ]RΔSRΔHPPC +−=
s

0

H

exp

         (1) 

ggL)PM���7� )P0M 0.1 MPaU1C�Y)

DH
s
M9��)DSM9��1;TPE5LÓ�I

;(1)��þ!ÛFU#!«%7OPGTY�(�

�H�)ÞØ�?@LM)IPexp(-1000/T)�®h

��IJgL)� 1 LMKLdIPexp(-1000/T)�

Mh'_I��&" SCM440&�578�<T 

78;!7" SUS304L)SUS316)SUS316L d


k� C
H
&IPexp(-1000/T)�ÛFM0�F|1N

&!s(H�IIPexp(-1000/T)�x÷�dO'(

M)ÁÂ����ÃM)��&"���578�

<T 78;!7"�PþC 1 QR¡ÞHII

Pexp(-1000/T)�S>©5\�MhM�5678�

TU&'(H�I¡V�Ð+�Ç&Ð+/ì)t

u012NFWX'()�578�<T 78;

!7"&Y�(��Z[F�C 3.4 QB�H

SCM440"M)�5678dÓ�I$\)��Z

U]Y��&" SCM440

U^Y�578�<T 78;!7"

� 1� ÁÂ��Ã&Q5�3S>©5\5�ÛF

[F�C�H�578�<T 78;!7"M�

5678dÓ�N0þNM_­LÓ�C)�56

78d`'(H!H&ðñ�&)� 1(b)��wF

dÞØ���CÁÂ��I

� HYDROGENIUSLM)â���� C 100MPa

Lâ��ÇC300 a&120 a�2b������

7Ð+ôc)dÑefÃ��\;UTDSY&�7

SPøTg>=h5\;UTDAY� 2b�
��


��i¾�jk')�����7ßLÁÂ��

��Ã���'(H�I� 2M¹_dAB'_


�ß�����l�íÀLÓ�[11]Imn h �ç

ñ_12 7mm �o¥������7dÐ+')

��Ã�����I� 2dM)pLd��Ã

C
H
)KLdmn�q� 1/h�&�)SUS316Ld%

H(�'(H�I1/h CùwH)�![� h Cn

H&�dM)
�ròÙL��CÁÂ'!H�L)

C
H
MùwHI1/h CB�Ø!�)
�<sNFr

òÙL��CPtu$dÁÂ��&)C
H
Mvw�

�I� 2�xyò�NF��Z[F�)vw�N

F���9ÇCzÙ�IûüM)�578�<T

 78;!7")��&"){�"��9��Ã

&��Z[|Ç����7� &�ÇdO��}

�	U#!«%7OPGT)� 1~�Y� ��

d��'(H�I�![�)�9��Ã&��Z

[|Ç�á5\�57�Î�'(H�I

� 2� ÁÂ��Ã&t�mn�ÛF

�
�����

���� ���� �������

NASA � Safety Standard of Hydrogen and 

Hydrogen Systems[12]dM)69MPa���7ßLz

E_���
��ÄÅ�	C�%�<UTable A5.8

& A5.9YdÙ&EFG(H�ITable A5.8d
H

0 0.2 0.4 0.6 0.8

0

0.2

0.4

0.6

0.8

1.0

C
H
=0.539(�P�exp(-1000/T))+0.100

Tempered-martensitic steels

SCM440

�P�exp(-1000/T)

H
y
d
r
o

g
e
n
 
c
o
n
t
e
n
t
s
,
 C

H
/
p
p
m

0 0.2 0.4 0.6 0.8

0

10

20

30

40

50

60

Austenitic stainless steels

SUS304L

SUS316

SUS316L

�P�exp(-1000/T)

C
H
=50.3(�P�exp(-1000/T))+3.33

H
y
d
r
o

g
e
n
 
c
o
n
t
e
n
t
s
,
 C

H
/
p
p
m



�������	
��
�

��� 2009� 4� - 9 - J. HTSJ, Vol. 48, No. 203 

(M)���7ß&��%9�7ß����tu

0�ÄÅÆÇ&5�tu0����WX��&')


�Ce¤d¨i��”Extremely embrittled”)̈ i

��”Severely embrittled”)�'¨i��”Slightly 

embrittled”)¨i'!H”Negligibly embrittled”��

��Zs(H�I”Negligibly embrittled”g35O

dM)���7ßL���tu0�ÄÅÆÇ&5

�tu0���C0�F|�î'!H
����

'(H�I

� 3& 4M))*[13-15]d^s(H���á5

\�hH(��'_|�[10]LÓ�I)*[13-15]

M NASA� Tables A5.8& A5.9�|&d!s_)

*LÓ�I� 3dM)5�tu0L�FG_ÄÅ

ÆÇ���IpLdM��%9�7ß�ÄÅÆÇ

dO�����7ß�ÄÅÆÇ�Y�
B,H

/�
B.He
)

KLdM��%9�7ß�ÄÅÆÇ�
B.He
�Mh

'(H�IR�)�
B,H

/�
B,He
��OÄÅÆÇ&�

�I� 4M)��%9�7ß���dO����

� 3� �OÄÅÆÇ&��%9ßÙ_MBCßÄ

ÅÆÇ�ÛF

� 4� �O��&��%9ßÙ_MBCßÄÅÆ

Ç�ÛF

�7ß����Y�
H
/�

He
d%H()� 3 �ÄÅ

ÆÇ�H�&x÷�þd'(Ù&E(H�IR�)

�
H
/�

He
��O��&��I)*[13-15]d�^w

G(H�ÄÅtu,-&'(M)��&��%9

��7� &�ÇMJG�G 69 MPa& 22aLÓ

�I���|ÇM)5�tu0�H�dM)�	

çè�L 0.002/minuteU3.3×10
-5

 s
-1Y)ó	çè�

L 0.04/minuteU6.7×10
-4

 s
-1YLÓ�I

� 3d���þd)5�tu0�H�)��%

9�7ß�ÄÅÆÇC 1200 MPa ÙLM)�OÄ

ÅÆÇ�
B,H

/�
B,He
M��&
������k!HI

�![�)�
B,H

/�
B.He

 = 1LÓ�I��%9�7

ß�ÄÅÆÇC 1200 MPa ��ñ�&)�OÄÅ

ÆÇM�������k)�î��I$\)� 4

d���þd)��d t������MÄÅÆ

Ç�H�&¡!�I�578�<T 78;!7

")#3$«%9�&)'�&��O���
H
/�

He
M�������k�)�

H
/�

He
 =1LÓ�I$

\){�")��&")¢\;�&)«G£3�

&��O��M�������k)�
H
/�

He
 < 1&

!�IJ'()�O��M)��%9�7ß�Ä

ÅÆÇC¤¥��d'_Cs(�î��I� 3L

�OÄÅÆÇ)� 4L�O��C¦d�î'!H

�578�<T 78;!7")#3$«%9�

&)'�&M)NASA� Table A5.8LM)”Negligibly 

embrittled”g35Od§��I

¡V� NASA ������7ßÄÅtuM

69MPa)22aLZ[G(H�[13-15]I���7ß

d
k�tu0iýNFtuAvÙL�¨©/ì

MPtªPLÓ�I¨©/ì�PtªPd'_g

&d%H(M)�578�<T 78;!7"

SUS310){�" A-302 Gr. C)¢\;�& Ti-6Al-4V

�«¬
&/­
�hH()̈ ©/ì�Pt 0)1)

8)24 h&'_ÄÅtu�ZH)̈ ©/ìMÄÅÆ

Ç&��d��� tw!Ns_&'(H�

[13-15]I'N')22 aL¨©/ìCªPLÓ�&

�dM)tu0<s&rò���ÃC¡!�I�

d)��Z[|ÇCÔH�578�<T 78;

!7"LM)22 a�|&L 24/ìL|��Mt

u0<sNF�®mÙL'NÁÂ'(H!HIg

��þdtu0ß����¯Cu$L!H|&L

M)ÄÅ�	d t������C°3S�	&

'(mnL��N0þNM_­LÓ�IJgL)

HYDROGENIUSULM)tu0ß����¯CP
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tu$!�,-�|&L)tu0d±E���¢

²5Q��\lU�����7Ð+)³´��¢

²5Q)+���¢²5QY�Mh'_I�d)

�578�<T 78;!7"LM)��Z[F

��B�Ø��_E)���7Ð+�Ç� 300a

µãd§�'(H�IJ'()��¢²5Q�)

¶�BCßLÄÅtu�Zs(H�IÄÅtu&

5Z')ÁÂ��Ã���Ã��htu0��¿

'( TDSÙ_M TDA�hH(��'(H�IÙ

_)ÄÅÕÖ'_��(�tu0���Ã|��

'(H�I

���� ���	
��
�������� �������

� � 5d��7856:;·�cL®hwG(H

���&" SCM435UÄÅÆÇ�
B
 = 927 MPa)«

��'ø38;¸<T�¹Y�ÁÂ��Ã� TDA

L��'_íÀ���[10]I��Ã��h34U1

2 5mm)êw 50mmYM)Wº�·�cU»2 315 

� 5� SCM435"���¼r�ÇOP=½<3

� 6� SCM435 "�ÁÂ��Ã&��¢²5Q/

ì�ÛF

 mm)nw 35 mm�o¾YNF��r'_I��

Ã��h34M)40 ad¨©'_ 20 mass%¢�

6#;¿#;à«%9�9ÀUNH
4
SCN�9ÀY

d³´')���¢²5Q'_I³´/ìM 6)

12, 24, 48 hLÓ�I

� 5d���þd)34�¢�6#;¿#;à

«%9�9Àd 48 /ì³´'_&�d�FG_

��¼r�ÇOP=½<3���I��¼rM)

�ÇC��Av�¶�U298 K (25aY)NF¡
�

�&&|dÞØ!�)Pt 350 K (77a)LE5S

�Áñ_��)Pt 450 K (177a)LÂÃ'(H�I

Takai&Watanuki[16]d��&)g��ÇÄÅL¼

rwG���MZ[	��LÓ�)��¨i�Ä

�ïg�I� 5�OP=½<3�îÆ�s��¢

�6#;¿#;à«%9�9À³´L"ßdÁÂ

'_Z[	��Ã&'_I

� 6 d)ÁÂ'_Z[	��Ã C
H
&¢�6#

;¿#;à«%9�9À³´/ì t �ÛF���

[10]IÁÂ��ÃM)Þ�ÇF%H(H�C)12

/ì³´LPtvw'(H��þdÈñ�IÁÂ

��ÃCvw��g&M)12 5 mm�34� 12

/ìR¡³´��&)��ÃM34<s&ß�L

x÷d!�)Ptu$�¯d!�g&�ÉÊ'(

H�IJgL)12 5 mm� 14AË34ÄÅtu

0M 48/ì³´'_��)BCßLÄÅtu'_I

ÄÅtu0ß���Ã�çñ�_E)48/ì³�

'_tu0�BCßd 1/ìNF 300/ì¼¾'

_IÄÅtu����(�tu0dÌÍ'(H_

��Ã C
H,R
M TDAL��'_I

� 7 dM)SCM435 "��OÄÅÆÇ�
B,H

/�
B

&�O���
H
/��ÌÍ��Ã C

H,R
dO'(��

[10]IC
H,R
M 0.14.0.93 ppm �ìLçi'(H�

C)��
B,H

/�
B
 = 1.0L$�LÓ�I'_Cs()Ä

ÅÆÇC 930 MPaLÓ� SCM435"d
H(M)

0.14.0.93 ppm�Z[	��ÃMÄÅÆÇd��

�Îñ!HI$\)�O��M)âù� C
H,R

 = 0.14 

ppmL|�
H
/� = 1&!F�)wFd C

H,R
C¤ñ

�d'_Cs(1N�d�î'(H�I'_Cs

()ÄÅÆÇ 930 MPa� SCM435"���M)0.14

.0.93 ppm�Z[	��Ãd�s(�î��I

� � 8d)SCM435"�Ï¢²5Q
&��¢²

5Q
�ÄÅÕÖÕs� SEMÐ���[10]IÏ¢

²5Q
&��¢²5Q
M&|dªGO#;Ñ

�5;ÕÖ'(H�I�![�)ÕÖ'_tu0

Temperature / K
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U]Y�OÄÅÆÇ

U^Y�O��

� 7� SCM435 "��OÆÇÙ_M�O��&Ì

ÍZ[	���ÛF

�ßÒòdMtu0LdO'(°��dPt

90Ó�!�sNF!�Ô1Õ ÕÖ�Cè¿wG)

Ö×òdMtu0LdO'(Pt 45Ó�cØX

Õ ÕÖ�Cè¿wG(H�I� 8Lâ|�Ù�

!g&M)��¢²5Q
&Ï¢²5Q
�Ô1

Õ ÕÖ�MPtx÷ÚwLÓ�C)��¢²5

Q
�cØXÕ ÕÖ��PþCÏ¢²5Q
�

�ÚHg&LÓ�I� 9d)Ï¢²5Q
&��

¢²5Q
�Ô1Õ ÕÖ�dè¿wG(H_á

h;O3���IÏ¢²5Q
&��¢²5Q
)

Ô1Õ ÕÖ�&cØXÕ ÕÖ�dÛF!Ø)

ÕsM12Û 1®m �ùw!áh;O3LÜ[G

(H_I

� 10d)� 7(b)���&� 8& 9� SEMÐ�

|&d�¿'_ÄÅÕÖ'_Ï¢²5Q
&�

U]YÏ¢²5Q
� � U^Y��¢²5Q


� � � C
H,R

 = 0 ppm          C
H,R

 = 0.73 ppm 

� 8� SCM435"�ÄÅÕsI

SP7�GÑ|Ç V = 1mm/minI

U]YÏ¢²5Q
� � U^Y��¢²5Q


� � � C
H,R

 = 0 ppm          C
H,R

 = 0.73 ppm 

� 9� SCM435 "�ÄÅÕsÔ1Õ ÕÖ��á

h;O3ISP7�GÑ|Ç V = 1mm/minI

U]YÏ¢²5Q
� � U^Y��¢²5Q


� 10� SCM435"�ÄÅÕspXs�Ý;�I

�¢²5Q
�pÞ�Xs�Ý;��JG�G�

�IÏ¢²5Q
&��¢²5Q
M&|dªG

O#;Ñ�5;ÕÖ')Ô1Õ ÕÖ�&cØX

Õ ÕÖ�dM&|dùw!áh;O3Cè¿w

G�I'N')Ô1Õ ÕÖ�MÏ¢²5Q
&

��¢²5Q
Lx÷ÚwLÓ�C)cØXÕ 

σ
B,H

/σ
B
=1

t
h
 = 1 h

V = 1 mm/min

Residual hydrogen content, C
H,R

 / ppm

σ
B
,
H
/
σ
B
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Residual hydrogen content, C
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 / ppm

φ
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φ
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h
 = 1 h

V = 1 mm/min
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1 μm

(a)

1 μm1 μm1 μm
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��������������
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Shear stress 
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fracture

��������������
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���������������
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���������������
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����������
����� !"�"#

�$���%&'����()*+,-."#/

0123 .!%&'45�����67.89

*�$:;<�6�=.>?*
 3$%&'4

5*�.-@AB(���*�ACDE=$%&

'45���F"AG-67."#�HI#7.!

28�J3$��/KLJ3����28

SCM435 M�NOPQRST:;*
 3$��

UVA�WX-.YZ-7[\��]^�_`	

abU76$cdB(CDbUbeUf.!gh

-.#$��]^�_`]^*�.]	��U7

6$cdB(CD*�.ijkl	��Um.! 

���� ����	
���
�� ����

n 11opn 15*��qrstruvw
��

xyz{�MMy SGP (0.078C-0.01Si-0.34Mn 

-0.017P-0.009S mass%$|B = 416 MPa)U}p=8

��~���#ST:;��/0-[17]!���

SCM435M���#��*$������� 40°C

*��28 20 mass% NH
4
SCN���*:;</

48����23�J8!8�2$SGPMU�MR

����/�G-89$:;<*����/��

8!�����O��~��� TDSU� 28! 

n 11� SGPM*
¡.ST:;¢�:;<R

�£¤¥¦	���#�����§¨Um.!¥

¦	����$�O��©ªsk«¬r­UNO

op 300®¯U����#28!£¤�����

����Pf67.�°±67.!"�YZ�$

����*�J3�²28³´���/µt¶s

-.89*F".! 

n 12 *·¸VA¹
H
/¹

0
#£¤¥¦	���

C
H,R
�§¨/0-!���STº»*�+,/¼

½E7 �$VA/WXE%.! 

� SCM435 M# SGP M/¾@.#$¿À�

SCM435MUÁfÂ2Ã­ÄuÅrµ$SGPMU

«ÆtrµÇq�trµUm.!STº»� SGP

M���W6$È 1/2 Um.!SCM435 MU�$

ÁfÂ2ÉÊU��µt¶sÅrµ*7.³´#

{^��±6ËÌ-.�U$ÁfÂ2�¯¯U�

���È 0.9 ppmUm.Ín 6Î!"����U¹

H/¹�È 0.7 #7J3 .(n 7(b))!ÏÐ$SGP

M
 3�$��ÑlÍÁÒÎ�¯¯U�³´�

Ó7 �U$����/��$³´/�G2$�

��/±623 .!20Ô�����U����

È 1 ppm*7AÍn 11Î$"����U¹
H
/¹

0

 

 

 

 

 

 

 

 

 

 

n 11� SGPM�£¤���#�����§¨ 

 

 

 

 

 

 

 

 

 

 

n 12� SGPM�·¸VA#£¤����§¨ 
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Í×Î������
 C
H,R
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n 13� SGP M�ST�ØÙÚ45����ÛÜ
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ÍÕÎÖ����
!C
H,R

 = 0.01 ppm 

 

 

 

 

 

 

 

 

Í×Î������
 C
H,R

 = 0.71 ppm! 

n 14� SGPM�ST�ØÝ'Ø�Þrß 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

n 15� SGPM�Þrß)D�àán 

 

�È 0!8#7J3 .Ín 12Î!"���7��

âã�	G·¸VA*²�$ST�Ø�ÛÜus

­*L SCM435M# SGPMUä �m.! 

SGPM�Ö����
#������
�ST

��Lå¶sæußç�u��UmJ8!n 13

* SGP M�ÙÚ45���U�ÛÜus­/2

¯-!SCM435MU�$ÚèÈ 1 ém�êE7Û

Üus­�()E=3 8�Ín 9Î$SGPMU�$

ÚèÈ 10 ém �Pf7ÛÜus­�ëÌ�/F

ì#23()E=3 .(n 13)!Ep*$SGPM

�ÛÜus­Úè�Ö����
�A�����

�
UPf67J3 .!"�íî/ï@.89$

ST��:;<�Ý'Ø/ðñ28! 

n 14* SGPM�ST��:;<Ý'ØUðñ

E=8Þrß/0-!STòóôÐõ��XÐõ

Um.!Ö����
U�$òóôÐõ*öT2

8÷ø�Þrß�()E=3 .!ÏÐ$���

���
U�$ù6@fYZ�ðñE=8!Þr

ß�òóô*ÙÚ7Ðõ*)D23 8! 

n 15*�Þrß�úû$)D$�ü/àáý*

0-!þ��Ö����
U�$Þrß�ëÌ�

/Fì#23úû-.!ST����Pf67.

*�=3$Þrß�òóôÐõ*)D-.!��

ý*Þrß���¶�u�UÞrß��ü-.!

ÏÐ$������
�Þrß�úû$)D$�

ü/��.�U���	ruµ�$���45�

R
��R-."#$�R28���cd-@A

/CD-."#Um.!n 15���*0-��*$

ëÌ�
��45�R
*¥¦23f8���c

d-@AB(/CD2$Þrßúû/�9.!�

�$ST��:;<Ý'ØU�´Ø��8A�Þ

rß��#�����§¨/ï@$���Þrß

úû/�9."#/��23 .[17]!�*$Þ

rß��*�R28���Þrß��U�cd-

@AB(/CD2$Þrß�òóô*ÙÚÐõ*

)D-.!Ep*$���Þrß��%&'B(

Í-@AÎ/CD2$�ü/��*-.!���

�$VA�������
U ^-.Ín 12Î! 

!�U�@8��*$W�"M SCM435#{�

M SGP*
 3$VA�WX-.YZ-7[\�

�]^�_`]^bU76$cdB(CDbUb

eUf.!gh-.#$��]^�_`]^*�

.]	��U76$cdB(CD*�.ijkl

	��Um.#�#Uf.!L�Ï����qr

struvw
�Um.xyz{�MMy

STPG370[18]#��$�­%�&'Ä(Çru«

tU±6)zE=3 .*�'Ä+rµ,'Äu

-'M SUS316L[19]*
 3L$��7�#�}

p=3 .!2o2$VA/WXE%.Iî�$

STPG370MU�q�trµ.=$SUS316LU�Þ

rß&�µUmJ8! 
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H
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H
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H
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H
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���� ������������	�

� ��/0� 80Ô�12��*§¨-.#h[

=3 .!28�J3$��$�­%�&'Ä(Ç

ru«t�34	Ç56	/��-.89*�$

12*¼½-���+,/epo*27¡=77

p7 !2o27�p$��89X�12:;�

Ó7 [20-32]! 

� n 16�{�M S45C� 550®ÁfÂ2
�<=

:;<#>?f:;<U}8 S-N �	Um.[32]!

45¾ R = |
max

/|
min

 �-1Um.!����Ï�

�$40®*�J8 20mass%�*&æu@æuAB

C(���R* 48����23�J8!DE��

��È 1.2 ppm UmJ8. �������	


16(a)������Ï�
�12FG�$:;H»

*§¨76$Ö��Ï�
���#�½ÏI2,

���+,�Jp=3 7 !ÏÐ$>?f
U

�Ín 16(b)Î$Ö��Ï�
#¾K23����

��
�12FG�$:;H»L� 30Hz op

0,2Hz#M67.�°$N67A$�P 1O? 

�

�

�

�

�

�

�

�

�

�

ÍÕÎPQ<=:;<�

�

�

�

�

�

�

�

�

�

�

Í×ÎPQ>A?f:;<ÍKt = 3.7Î 

n 16� 550®ÁfÂ28{�M S45C �Ö���

�
#������
� S-N�	ÍR = -1Î 

�

�

�

�

�

�

�

�

�

�

n 17� 550®ÁfÂ28{�M S45C �12fR

ST�	ÍR = -1Î! 

�

»�WXUDE23 .!>?f:;<U�$<

=:;<*¾@3fRúûFG�N67.89,

��*�.12FGWX�fRSTFG�U*§

V23 ."#*7.! 

n 17��W S45CMÁfÂ2
� R = -1U�1

2fRSTH» da/dN #45¥P¨�XY ΔK�

§¨Um.[32]!Ö����
*¾@$����

��
�fRSTH»�²H23 .!28�J

3$��$�­%�&'Ä(Zru«t�34	/

��-.89*�$¯���*�.12fRST

²H[åB\(]e�HIUm.!�

���� ������������  !"�

n 18 * 10%����/��8 STPG M�12

fR:;ÍR = 0ÎU}p=8fR���-@A/

-s^å_Uðñ28��/0-[31]!����

Ï�� 20mass%�*&æu@æuABC(���

��U�J8!n 10*
 3$������
�

Þrß�úû$)D$�ü/��.�U���	

ruµ�$���45�R
��R-."#$�

R28���cd-@AB(/CD-."#Um

.Um.#�@8!n 18*0-��*$Ö���

�
*
 3�12fR
��� XYU-@A

�ðñE=.�$������

 3�:;


`� 0.01HzU-@A��#&°ðñE=7 !-

7[\$12fR��*
 3���A-@A�

cÌ^23 ."#�[o.! 

n 19* SGP�12�Ø�'µtr$�&au

/0-!Ö����
U�$bcý7l	'µt

r$�&au�()E=3 .!ÏÐ$����

��
U�$'µtr$�&au�<dU$9e

�fgeUm.!Ep*$'µtr$�&au 
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Figure 1�  Procedures of the Burnett method.
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熱流束センサーは、熱エネルギーの移動密度（W/cm2）に比例した直流電圧を出力

します。弊社の製品は米国バージニア工科大学が開発した新しい技術をVatell社で

商品化したもので、大変手軽に高速・高精度で熱流量の測定をすることができます。

特に応答速度の早いこと、センサーからの出力レベルが高いことが特徴で、熱流束

マイクロセンサー（HFM）では、応答速度最高６マイクロ秒を達成しています。

URL E-mail senstech@td6.so-net.ne.jp

〒106-0031 東京都港区西麻布3-24-17  霞ビル4F
TEL: 03-5785-2424  FAX: 03-5785-2323

特 徴

●最高速の応答（約 6μ秒）
●850℃まで外部冷却不要
●低雑音 / 高感度
●熱流束と温度を測定
●伝導、対流、輻射に等感度

使用例

●エンジン内壁の熱伝達状態観察
●ロケットエンジンのトラバース実験
●タービンブレード熱風洞試験
●自動車用エアーバッグ安全性試験
●ジェットエンジンバックファイヤー試験

センサー本体の構造は、薄膜フォイル･ディスクの中心と周囲の温度差を

測定する、差動型熱電対をとなっています。フォイル･ディスクはコンスタンタン

で作られており、銅製の円柱形ヒートシンクに取り付けられています。水冷式

は取付け場所の自由度が高く長時間の測定が可能です。

使用例
●焼却炉・溶鉱炉の熱量測定
●火災実験の際の輻射熱ゲージ
●バーナーなど熱源の校正用基準器
●着火性・燃焼性試験（ISO5657,5658,5660）
●米国連邦航空局のファイヤー･スモークテスト

熱流束マイクロセンサー

ガードン型円形フォイルセンサー

センサーは銅とニッケルのサーモパイルから構成されており、測定対象物

に貼付けて使います。センサーは厚さが0.2mmと薄いので、柔軟性に

富んでおり、直径1インチの円筒形に湾曲させる事が出来ますので、パイプ

などに貼り付けてお使いになるには最適です。

熱流束センサーの校正作業をお引き受けいたします。校正証明書は
米国基準局NISTにトレーサブルです。校正設備の物理的な制約で、
お引き受けできない場合もあります。ご相談ください。

使用例
●電気・電子機器内の発熱・放熱状態測定
●熱交換器の効率測定
●パイプの放熱状況測定

シート状熱流束センサー

熱流束センサー
校正サービス

水冷却型

熱伝導
冷却型



CAPTEC
CAPTEC
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CAPTEC

CAPTEC URL: http://www.techno-office.com/

      225-0011 3-20-8-B TEL. 045 (901) 9861 FAX. 045 (901) 9522



LaVision

Laser Imaging Solution

High-Speed
Master System

StrainMaster

PlasmaMaster

FlameMaster
EngineMaster

SprayMaster
SizingMaster

FlowMaster
FluidMaster

LIIRayleighRamanPIVLIFMie
Laser Imaging Techniques

Email     fluids@kanomax.co.jp
TEL.     (03)6825-9090 FAX. (03)5371-7680
URL http://www.kanomax.co.jp/fgroup.html

PIV LIF Raman Rayleigh LII
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