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Measurement of Doppler Effect on Resonance Materials for ROX Fuel using FCA
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Adding resonance materials to the Rock-like oxide (ROX) fuel is considered to improve Doppler reactivity
feedback of the ROX fueled light water reactor. The objectives of this study is to clarify calculation accuracy
for the Doppler effect of the resonance materials; erbium (Er), tungsten (W) and thorium (Th).

Doppler effect measurements were carried out at FCA in a fast neutron spectrum in the sodium cooled FBR
mock-up core (XX-2 core) and in an intermediate neutron spectrum in the water moderated simulated core
(XXI-1D2 core) by the sample-heated and reactivity worth measurement method up to .800 C. Newly fabricated
three samples of resonance material for the ROX fuel, Er metal, W metal and Th dioxide (ThO,) samples were
used.

In the analysis, the standard analysis method for fast reactor cores at FCA (the standard analysis method)
with the use of the JENDL-3.2 cross section library was used. Moreover, the SRAC system developed to
analyze thermal reactors was used to compare the tendency of the calculation accuracy of the system with that
of the standard analysis method.

The standard analysis method underestimated the experiment in the XX-2 core (the C/E values were 0.87~
0.92). On the other hand, the C/E values in the XXI-1D2 core were 0.88~1.04, which means that calculation
agreed the experimental values within the experimental errors. The effect of the ultra-fine energy group
calculation showed a tendency that the effect was reduced in softened neutron spectrum, where the effect was
+2~+8% and -4~+1% in the XX-2 and XXI-1D?2 core, respectively.

The analysis with the SRAC system without the ultra-fine energy group calculation gave smaller values in
the range from 3 % to 10% for the Er sample and bigger values in the range from 2% to 5% for the W sample
than the standard analysis method in both the cores. For the ThO, sample, the SRAC system gave bigger values
than the standard analysis method in the XX-2 core and smaller ones in the XXI-1D2 core. The SRAC system
with the ultra-fine energy group calculation gave smaller values in the range from 1% to 5% than the standard

analysis method in both the cores.

Keywords: ROX Fuel, Resonance Material, Doppler Effect, Erbium, Tungsten, Thorium, Fast Critical Assembly,
JENDL-3.2, SRAC System
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Table 1 Homogenized atomic number density of the test

regions of the experimental cores (X 10*atom/cm”)

XX-2 XXI-1D2
T2N cell EUP cell
H 7.7586E-5 4.9041E-3
B-10 3.1086E-7
B-11 1.1309E-6
C 7.0163E-5 4.8819E-3
N 9.1443E-3
0 2.3107E-4 5.9483E-5
Na 7.6564E-3
Al 9.2944E-3
Si 2.1999E-5
Cr 3.3850E-3 3.5382E-3
Fe 2.5007E-4 1.2615E-2
Ni 1.2226E-2 1.5209E-3
Mn 1.5471E-3 2.5191E-4
U -235 5.3037E-5 1.4878E-3
U-238 7.3148E-3 8.2733E-3
Pu-239 1.0455E-3
Pu-240 9.1348E-5
Pu-241 2.5270E-6
Pu-242 8.0368E-7
Am-241 6.1243E-6

* Read as 7.7586 X 107

Table 2 Properties of pellets of the Doppler samples

Sample Outer diameter X Length Mass
(mm) @

Er 23.4X150.1 - 546 (Er)

w 23.4X150.5 1,150 (W)

ThO, 23.4%X150.2 471 **Th)

U-metal 24.8X150.0 1,337 *U)

Uo 25.0X150.0 601 Z*U) -

2
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Table 3 Experimental results of the Doppler reactivity worths in the XX-2 and

XXI-1D2 cores

Sample Temperature pDoppler(T) (x10°Ak/k)
©) XX-2 XXI-1D2
Er 300 -0.73+0.10° -2.51£0.16
550 -1.10x0.10 -3.93+0.16
800 -1.44+0.10 -5.07+0.17
W 300 -0.55+0.10 -1.73+0.17
550 -0.83x0.10 -2.75+0.17
800 -1.1320.11 -3.59+0.18
ThO, 300 -0.46+0.11 -1.5320.16
550 -0.68+0.11 -2.36+0.15
800 -0.87+0.10 -3.11+0.16
U-metal 300 -0.81x0.11 -2.14+0.18
550 -1.27+0.11 -3.43+0.16
800 -1.67x0.11 -4.60+0.18
U0, 300 -0.46x0.10 -1.31+0.17
550 -0.66x0.11 -2.03+0.16
800 -0.88+0.10 -2.74+0.16

* Experimental error

Table 4 Comparison of the normalized Doppler reactivity worths Pooppiec(T) between the
XX-2 and XXI-1D2 cores

Normalized pDoppm(T)a

Sample = Temperature(*C) XX-2 XXI-1D2 XXI-1D2/XX-2"
Er 300 0.90+0.17° 1.17+0.12 1.31+0.20
550 0.87x0.11 1.15+0.07 1.32+£0.13
800 0.86+0.08 1.10+0.06 1.28+0.10
w 300 0.68+0.08 0.81+0.10 1.20+0.25
550 0.65+0.10 0.80+0.06 1.23+0.17
800 0.67+0.15 0.78+0.05 1.15+0.12
ThO, 300 1.02+0.32 1.16x0.19 1.15+0.29
550 1.03+0.23 1.16+0.12 1.12+0.23
800 0.98+0.16 1.13+0.09 1.15+0.16

a) The pp, e (T) for specific samples normalized to the uranium samples

b) The ratio of the normalized Doppler reactivity worth between the XXI-1D2 and

XX-2 cores

c) Experimental error
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Table 5 Experimental results of the sample reactivity worths p,,
in the XX-2 and XXI-1D2 cores

Sample Paample (x 10'4Ak/k) Pyample -
XX-2 XXI-1D2 XXI-1D2/XX-2

Er -2.82+0.04 -7.93+0.05 1.56+0.05

A\ -2.29+0.04 -5.82+0.04 1.41x0.03

ThO, -1.23+0.04 -2.29+0.04 1.39+0.02

U-metal -1.60+0.04 -2.88+0.04 -

Uo -0.97+0.03 -1.30+0.04 -

2

a) The ratio of the sample reactivity worths between the XXI-1D2 and

XX-2 cores normalized with the uranium samples

b) Experimental error
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Neutron flux per lethargy (arb. unit)
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TEDe= (D gy +D () ) L 2OBIEAR 28, FHOHHMAE (D=1/GZ)) EHEALE.

Table 6 Atomic number density of each Doppler sample (X 10* atom/cm’)

Nuclide Er W ThO, U-metal Uo,
(Sample region)

0] 3.793E-2 4.157E-2

W 5.838E-2

Er-162 4.177E-5

Er-164 4.909E-4

Er-166 1.024E-2

Er-167 6.992E-3

Er-168 8.169E-3

Er-170 4.552E-3

(Er total 3.050E-2)

Th _ 1.896E-2

U-235 3.351E4 1.503E-4

U-238 4.593E-2 2.063E-2
(Capsule region)

Cr 5.322E-3 5.322E-3 5.322E-3 5.185E-3 5.185E-3

Fe . 1.938E-2 1.938E-2 1.938E-2 1.888E-2 1.888E-2

Ni 3.588E-3 3.588E-3 3.588E-3 3.496E-3 -3.496E-3

* Read as 4.177X10°

Table 6 Atomic number density of each Doppler sample (X 10* atom/cm”)

(Continued)
Empty Can
Nuclide for Er, W and ThO, samples ~ for U samples
(Sample region)
Cr 2.703E-3 2.368E-3
Fe 9.685E-3 8.485E-3
Ni 1.261E-3 1.105E-3
(Capsule region)
Cr 5.322E-3 5.185E-3
Fe 1.938E-2 1.888E-2
Ni 3.588E-3 3.496E-3

* Read as 2.703X 107
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Fig. 6 RZ-model of the XX-2 core (with the Doppler effect measurement devices)
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U-metal 0.79 0.88 0.86 0.93
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Table 7 Results of the analysis by the FCA calc. on the Doppler reactivity worth in the

XX-2 core
Calc. X 10°Ak/k
Sample Temperature Expt. SLAROM® PEACO-X" p/s
T X 10°Ak/k (C/B) (C/E)
Er 300 -0.73+13.6%" -0.701 - -
(0.96)
550 -1.10+9.3% -1.12 - -
‘ (1.01)
800 -1.44+6.9% -1.44 - -
(1.00)
w 300 -0.55+18.8% -0.465 -0.481 1.03
(0.85) (0.88)
550 -0.83+12.3% -0.763 -0.797 1.04
0.92) (0.96)
800 -1.13£9.5% -1.01 -1.06 1.05
(0.89) (0.94)
ThO, 300 -0.46x23.1% -0.404 - -
(0.87)
550 -0.68+16.0% -0.648 - -
(0.95)
800 -0.87+11.9% -0.834 - -
(0.96)
U-metal 300 -0.81+13.2% -0.820 -0.839 1.02
(1.01) (1.03)
550 -1.27£8.3% -1.31 -1.35 1.03
(1.03) (1.06)
800 -1.67+6.6% -1.68 -1.77 1.05
(1.01) (1.06)
Uo, 300 -0.46+22.0% -0.415 -0.432 1.04
091 (0.94)
550 -0.66x:16.0% -0.664 -0.700 1.05
(1.00) (1.05
800 -0.88+11.0% -0.855 -0.927 1.08
097 (1.05)

a) The SLAROM code was used to calculate the effective cross sections of the Dopplér samples
b) The PEACO-X code was used to calculate the effective cross sections of the Doppler samples
c¢) The ratio of the calculations between the PEACO-X and SLAROM code

d) Values in parentheses are the ratios between the calculated and experimental values.

e) Experimental error (relative error)
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Table 8 Results of the analysis by the FCA calc. on the Doppler reactivity worth in the

XXI-1D2 core
Cale. X 10°Ak/k
Sample  Temperature Expt. SLAROM'  PEACO-X’ P/S’
C X 10°Ak/k (C/E)" (C/E)
Er 300 -2.51+6.3%° -2.79 - -
(1.11)
550 -3.93+4.0% -4.52 - -
(1.15)
800 -5.07+3.3% -5.89 - -
(1.16)
w 300 -1.7329.6% -1.68 -1.65 0.98
0.97) 0.95)
550 -2.75+6.0% -2.79 -2.76 0.99
(1.01) (1.00)
800 -3.59+5.0% -3.72 -3.74 1.01
(1.04) (1.04)
ThO, 300 -1.53+10.2% -1.54 - -
(1.01)
550 -2.36+6.5% -2.53 - -
(1.07)
800 -3.11+5.0% -3.36 - -
(1.08)
U-metal 300 -2.14+8.4% -2.30 -2.24 0.97
(1.07) (1.05)
550 -3.43+4.7% -3.74 -3.68 0.98
(1.09) (L.07)
800 -4.60+3.9% -4.89 -4.93 1.01
(1.06) (1.07)
uo, 300 -1.31+13.1% -1.39 -1.33 0.96
(1.06) (1.02)
550 -2.032+7.7% -2.29 -2.21 0.97
(1.12) (1.09)
800 -2.74+6.0% -3.02 -3.00 0.99
(1.10) (1.09)

a) The SLAROM code was used to calculate the effective cross sections of the Doppler samples

b) The PEACO-X code was used to calculate the effective cross sections of the Doppler samples
¢) The ratio of the calculations between the PEACO-X and SLAROM code

d) Values in parentheses are the ratios between the calculated and experimental values.

e) Experimental error (relative error)




JAERI-Research 2003-029

Table 9 Results of the transport correction of the FCA calc. on the Doppler
reactivity worth in the XX-2 and XXI-1D2 cores

Sample = Temperature T.C? corrected C/E°
9 XX-2 XXI-1D2 XX-2 XX1-1D2
Er 300 - 0.873 - 0.99+6.3%
550 - 0.873 - 1.03+4.0%
800 0.902 0.873 0.90+6.9% 1.04+3.3%
w 300 - 0.924 - 0.88+9.6%
550 - 0.926 - 0.93+6.0%
800 0.928 0.927 0.87+9.5% 0.97+5.0%
ThO, 300 - 0.930 - 0.94+10.2%
550 - 0.929 - 1.00+6.5%
800 0.965 0.928 0.92+11.9% 1.00+5.0%
U-metal 300 - 0.931 - 0.97+8.4%
550 - 0.931 - 1.00+4.7%
800 0949 0930 1.01£6.6%  1.00+3.9%
Uo, 300 - 0.946 - 0.96+13.1%
550 - 0.945 - 1.03+7.7%
800 0.971 0.945 1.02+11.0% 1.03+6.0%

a) Transport correction factor : the ratio between the transport calculation and the
diffusion calculation using D=1/(3Z) as the diffusion coefficients.

b) Corrected with the transport correction factor

¢) Experimental error (relative error)

Table 10 C/E values of the FCA calc. with the first order perturbation calculation on the

sample reactivity worth measured in the XX-2 and XXI-1D2 cores

Sample XX-2 XXI-1D2

' SLAROM' PEACO-X" P/S SLAROM PEACO-X P/S
Er 1.01+1.4%" - - 0.24+0.6%' - -
W 0.90+1.6% 0.87+1.6%  0.96 -0.03+0.7% -0.28+0.7% 9.93
ThO, 0.97+2.8% - - 0.85x1.7% - -
U-metal  1.03£2.2% 1.00£2.2%  0.97 0.85+1.4% 0.79x1.4% 0.92
U0 0.98+3.5% 094+35%  0.96 1.09£2.9% 0.95+2.9% 0.87

2

a) The SLAROM code was used to calculate effective cross sections of the Doppler samples
b) The PEACO-X code was used to calculate effective cross sections of the Doppler samples
¢) The ratio of the calculations between the PEACO-X and SLAROM code

d) Experimental error (relative error)
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Table 11 The leakage and non-leakage terms of the sample reactivity worth in the XXI-1D2

core by the FCA calc.

Sample Leakage term Ak/k Non-leakage term Ak/k
SLAROM* PEACO-X’ SLAROM PEACO-X

Er 4.98E-4 -6.86E-4

w 4.74E-4 6.22E-4 -4.58E-4 -4.62E-4

ThO, 6.47E-6 -2.02E-4

U-metal 2.39E-5 2.09E-5 -2.70E-4 247E-4

Uo, 1.06E-5 9.41E-6 -1.52E-4 -1.33E4

2

a) The SLAROM code was used to calculate microscopic cross sections of the Doppler
samples

b) The PEACO-X code was used to calculate microscopic cross sections of the Doppler
samples

¢) Rread as 4.98X 10"

Table 12 The results of the calculation on the sample reactivity worth in the XXI-1D2 core

by the FCA calc.
Diffusion & Exact perturbation Ak/k UK -1/K°
Sample Leakage Non-leakage Total C/E C/E
(Exact/1st)' (Exact/1st) (Exact/1st)
Er 2.40E-6 -8.24E-4 -821E-4  1.04:06%'  1.08
(0.005) (1.20) (4.39)
w 2.70E-6 -5.52E-4 -5.49E-4 0.94+0.7% 0.96
(0.004) (1.19) (-3.43) '
ThO, 291E-6 -2.09E-4 -2.06E-4 0.90+1.7% 1.04
(0.45) (1.03) (1.05)
U-metal 3.71E-6 -2.60E-4 -2.53E-4 0.88+1.4% 0.96
(0.18) . (1.04) (1.12)
Uo, 3.82E-6 -1.35E-4 -1.31E4 1.01+2.9% 1.15
041) (1.02) (1.06)

a) Values in parentheses are the ratio between the exact and first order perturbation
calculation

b) The sample reactivity worth was calculated with the change of k

¢) Rread as 2.40X 10°®

d) Experimental error (relative error)
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Table 13 The results of the transport correction on the sample reactivity worth
in the XXI-1D2 core by the FCA calc.
Sample Transport calculation Ak/k
Leakage Non-leakage Total C/E'
(T/DY (T/D) (T/D)

Er -1.68E-5° -6.09E-4 -6.26E-4 1.19+0.6%"
. (-0.030) (0.89) (5.03)

w -8.84E-6 -4.20E-4 -4.28E-4 0.71+0.7%
(-0.014) (0.89) (-2.59)

ThO, 2.96E-6 -1.95E-4 -1.92E-4 0.82+1.7%
(0.43) (0.94) (0.96)

U-metal 3.16E-6 -2.59E-4 -2.56E-4 0.86+1.4%
(0.15) (1.01) (1.09)

Uo, " 3.14E-6 -1.38E-4 -1.35E4 0.99+2.9%
(0.32) (1.00) (1.05)

a) C/E values of the diffusion calculation in Table 10 is multiplied by the T/D
values of the Total in this Table '

b) Values in parentheses are the transport correction factor : the ratio between the

transport and diffusion calculations using D=1/(3% ) as the diffusion coefficients
for both the calculations.

¢) Rread as 1.68X 107

d) Experimental error (relative error)

Table 14 The results of the exact perturbation calculation with the transport calculation
on the sample reactivity worth in the XXI-1D2 core by the FCA calc.

Sample  Transport & Exact perturbation calculation Ak/k Vie-1/x°
Leakage Non-leakage Total C/E CEE
(Exact/1st)' (Exact/1st) (Exact/1st)
Er 3.98E-6° -8.85E-4 -8.81E-4 1.11x0.6%° 0.93
(-0.24) (1.45) (1.41)
w 5.72E-6 -5.35E-4 -5.29E-4 0.91+0.7% 0.88
(-0.62) 1.27) (1.23)
ThO, 3.24E-6 -2.04E-4 -2.00E-4 0.87+1.7% 0.87
(1.10) (1.04) (1.04)
U-metal 4.57E-6 -2.74E-4 -2.69E-4 0.93+1.4% 1.05
(1.44) (1.06) (1.05)
U0, 3.68E-6 -1.42E-4 -1.39E4 - 1.07+2.9% 1.09
(1.17) (1.03) (1.03)

a) Values in parentheses are the ratio between the exact and first perturbation calculation
b) The sample reactivity worth was calculated with the change of k .
¢) Rread as3.98 X 10°

d) Experimental error (relative error)
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of the U-metal sample between the SLAROM and PEACO-X codes
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in the XX-2 core between the transport and diffusion calculations
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Fig. 15 Comparison of the energy breakdown of the Doppler reactivity worth (293K—1073K)

in the XX-2 core between the transport and diffusion calculations (continued)
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Fig. 16 Comparison of the energy breakdown of the Doppler reactivity worth (293K—1073K)

in the XXI-1D2 core between the transport and diffusion calculations
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Table 15 Results of the analysis by the SRAC calc. on the Doppler reactivity worth in the

XX-2 core
Calc. X 10°Ak/k

Sample Temperature Expt. f-table® PEACO® p/ff
C X 10°Ak/k (C/E)’ (C/E)

Er 300 -0.73+14%" -0.650 -0.656 1.01
(0.89) (0.90)

550 -1.10+9.3% -1.02 -1.04 1.02
(0.92) (0.94)

800 -1.44+6.9% -1.30 -1.33 1.03
(0.90) (0.93)

w 300 -0.55+19% -0.488 -0.475 0.97
: (0.89) (0.87)

550 -0.83x12% -0.793 -0.777 0.98
(0.95) (0.94)

800 -1.13%£10% -1.04 -1.02 0.98
(0.92) (0.90)

ThO, 300 -0.46+23% -0.425 -0.429 1.01
(0.92) (0.92)

550 -0.68+16% -0.672 -0.683 1.02
(0.98) (1.00)

800 -0.87x12% -0.861 -0.876 1.02
(0.99) (1.01)

U-metal 300 -0.81+x13% -0.846 -0.879 1.04
(1.04) (1.08)

550 -1.27+8.3% -1.33 -1.39 1.05
(1.05) (1.10)

800 -1.67+6.6% -1.70 -1.78 1.05
(1.02) (1.07)

U0, 300 -0.46222% -0.424 -0.451 1.06
(0.93) (0.99)

550 -0.66£16% -0.669 -0.719 1.07
(1.01) (1.08)

800 -0.88+11% -0.856 -0.925 1.08
0.97) (1.05)

a) f-table was used to calculate effective cross section of the Doppler samples

b) PEACO routine was used to calculate effective cross section of the Doppler samples
¢) The ratio of the calculations between PEACO and f-table

d) Values in parentheses are the ratios between the calculated and experimental values. '

e) Experimental error (relative error)
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Table 16 Results of the analysis by the SRAC calc. on the Doppler reactivity worth in the

XXI-1D2 core
Calc. X 10°Ak/k

Sample  Temperature Expt. f-table® PEACO’ P/f
C X 10°Ak/k (C/E)* (C/E)

Er 300 -2.5146.3%" -2.69 2.66 0.99
(1.07) (1.06)

550 -3.93+4.0% 435 436 1.00
(1.1 (1.11)

800 -5.07+3.3% -5.66 5.71 1.01
(1.12) (1.13)

W 300 -1.73£9.6% -1.72 -1.60 0.93
(1.00) (0.93)

550 -2.75+6.0% 2.85 -2.68 0.94
(1.04) 0.97)

800 -3.59+5.0% -3.81 -3.57 0.94
A (1.06) (0.99)

ThO, 300 -1.53+10.2% -1.47 -1.47 1.00
(0.96) (0.96)

550 -2.36+6.5% 2.41 2.45 1.02
(1.02) (1.03)

800 -3.11£5.0% 3.17 -3.23 1.02
(1.02) (1.04)

U-metal 300 -2.14+8.4% 2.11 2.25 1.07
(0.99) (1.05)

550 -3.43+4.7% 3.41 3.69 1.08
: (1.00) (1.08)

800 -4.60+3.9% 4.45 4.83 1.09
0.97) (1.05)

Uo, 300 -1.31%13.1% -1.20 -1.34 1.12
0.91) (1.02)

550 -2.03+7.7% -1.95 222 1.14
(0.96) (1.09)

800 -2.74+6.0% 2.55 2.94 1.15
(0.93) (1.07)

a) f-table was used to calculate effective cross section of the Doppler samples

b) PEACO routine was used to calculate effective cross section of the Doppler samples
¢) The ratio of the calculations between PEACOQ and f-table

d) Values in parentheses are the ratios between the calculated and experimental values.

e) Experimental error (relative error)
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Table 17 Comparison of the calculated Doppler reactivity worths between the SRAC and
FCA calc. in the XX-2 and XXI-1D2 cores

SRAC calc. / FCA calc?

Sample T XX-2 XXI-1D2
T f-table®  PEACO’ p/f f-table®  PEACO°  PA

Er 300 0.93 - - 0.97 - -
550 0.91 - - 0.96 - -

800 0.90 - - 0.96 - -

W 300 1.05 0.99 0.94 1.02 0.97 0.95
550 1.04 0.97 0.94 1.02 0.97 0.95

800 1.04 0.96 0.93 1.02 0.95 0.93

ThO, 300 1.05 - - 0.96 - -
550 1.04 - - 0.95 - -

800 1.03 - - 0.94 - -

U-metal 300 1.03 1.05 1.02 0.92 1.00 1.09
550 1.02 1.03 1.02° 0.91 1.00 1.10

800 1.01 1.01 1.00 0.91 0.98 1.08

Uo, 300 1.02 1.04 1.02 0.86 1.00 1.17
550 1.01 1.03 1.02 0.85 1.00 1.18

800 1.00 1.00 1.00 0.84 0.98 1.16

a) The ratio of the C/E values between the SRAC and FCA calc.

b) The f-table method or the SLAROM code was used to calculate the effective microscopic
cross sections of the Doppler samples

¢) The ultra-fine energy group collision probability calculation by the PEACO routine or by
the PEACO-X code was used to obtain the effective cross sections of the Doppler samples

d) The effect of the ultra-fine energy group calculation; ratio between PEACO and f-table or
PEACO-X and SLAROM
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Fig. 26 Comparison of the energy breakdown of the Doppler reactivity worth (293K—1073K)
of the Er sample between the calculations with and without the PEACO routine by
the SRAC calc.
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Fig. 27 Comparison of the energy breakdown of the Doppler reactivity worth (293K—1073K)
of the W sample between the calculations with and without the PEACO routine by
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Fig. 30 Comparison of the C/E values of the Doppler reactivity worth (293K—>1073K) for
each Doppler sample between the FCA calc. and SRAC calc.
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Fig. 30 Comparison of the C/E values of the Doppler reactivity worth (293K—1073K) for
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I & BIRFIVTV sr 1 u=1.66054% 107" ke 07 ¥ v d
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%3 BEFOLHELOSIHAILEBA 10° | =44a 2
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7 =a2—-+tv| N m-kg/s’ AvrZ2bo—a A 107 7 b a
F A, B Nl 2 s | Pa| N/m? ”~ - v b A
IIFE-HF BB |V 2 - | J N-m N - w bar (i) )
I#, e Rl » F| W| Js # rvl Gal L #1513 (ERBEUR]) oKk BEE
EX&. BA|7 -0 Y| C| As * a2 Y - Ci ERHF 1985 FRTILE B, 172L, 1eV
BhL EE.}L‘-‘EW A N Y W/A N N 4 R BLT 1 uDfEiz CODATA D 1986 E#52
¥ £ ¥ ®|7 7 73 F| F C/v 5 K ad .
r it & » 7o,
E® R £ Hm|F - 4 Q V/A 1% L rem ;
sv sy s e val|ls—2vzl s | AV 2 RACRBE, /s b, T-M 77
® o = — | Wbl V.s 1 A=0.1 nm=10~""m —VHEEENTVEHBEORULOTL
B O® ¥ #£|7 XI 50 T ab/m2 1 b=100 fm?=10-%* m? LTIREBLI,
N o . . — = 5 =
4 v 7 Vv :/ Z |~ / ) E—I b/A 1 bar=0.1 MPa=10°Pa 3. barid, JISTRFEEOEHEEDTIH
v RABE [t RE| C 1 Gal=1cm/s? =10~ m/s? BEBROZ20HF Y — it HEEOT W
* Rl — 4 V| Im cd-sr al=tem/s =10 "m/s 2
iz 2 1Ci=3.7x10'°Bi °
Bijv 7 2 kx| lm/m i o 4 ECHMMEELESTIE bar, barnid
v d &t fiE|~ 27 v n| Bq s 1 R=2.58x10"*C/kg ) o
e U TMEDHEL] mmHg 2 K208 53
® KX 8 ®|7 L 4| Gy| Jke Lrad=1cGy=10"Cy —RARTVE
# B M B|y-—-~<wnti| Sv J/kg 1rem=1¢cSv=10"2Sv °
# ) -
711 N(=10*dyn) kgf Ibf £ {MPa(=10 bar) kegf/cm? atm mmHg(Torr){ 1bf/in*(psi)
1 0.101972 0.224809 1 10.1972 9.86923 7.50062 x 10° 145.038
9.80665 1 2.20462 N 0.0980665 1 0.967841 735.559 14.2233
4.44822 0.453592 1 0.101325 1.03323 1 760 14.6959
6 E 1Pa-s(N-s/m*)=10P(#7 X)(g/(cm-s)) 1.33322 x 107 | 1.35951 x 107* | 1.31579 x 102 1 1.93368 x 107*
FHEE 1m¥Ys=10St{R + — 7 ) (em?¥/s) 6.89476 x 1077 | 7.03070 x 107? | 6.80460 x 1072 51.7149 1
x| J(=10"erg) kgf-m kWeh cal (GtE#E) Btu ft « 1bf eV 1 cal = 4.18605 J (it B &)
%
W 1 0.101972 2.717778 x 1077 0.238889 9.47813 x 107 0.737562 6.24150 x 108 =4.184J (&L¥E)
+
1 9.80665 _ 1 2.72407 x 10~¢ 2.34270 9.29487 % 10°? 7.23301 6.12082x 10" =4.1855J (15°C)
% 3.6 x10° 3.67098 x 10° 1 8.59999 x 10° 3412.13 2.65522 x 10° 2.24694 x 10%* =4.1868 J (ERRET &)
; 4.18605 0.426858 | 1.16279x 107 1 396759x 107 | 3.08747 | 261272x10"  4®m | ps (LEH)
7 1055.06 107.586 | 2.93072x107* |  252.042 1 778.172 6.58515 x 10’ =75 kgf-m/s
1.35582 0.138255 | 3.76616x 1077 | 0323890 | 1.28506 x 10°* 1 8.46233x 10'® = 735.499 W
1.60218 x 107"} 1.63377 x 107%°| 4.45050 x 107%¢{ 3.82743 x 10| 1.51857 x 107%2| 1.18171 x 107" 1
® Bq Ci 0% Gy rad [} Crkg R B Sv rem
8 1z & &
1 2.70270 x 107" EL 1 100 i 1 3876 ) 1 100
3 " g &® .
3.7 x 10% 1 0.01 1 2.58 x 10°¢ 1 0.01 1
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