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- Motivation and research team

 High fidelity density data of chloride salts needed
for MSR modelling efforts

* Lack of available literature data and modern setups
 What did we do?

» Created a setup for this measurement (hydrostatic
buoyancy method)

* PuCl;-NaCl mixture (36 mol% PuCl,) prepared by
chlorination of Pu metal by NH,CI

* Density of 36 mol% and 25 mol% PuCl; measured

 Analysis of minor contributing factors and individual
experimental errors

Toni Karlsson Ruchi Gakhar

IDAHO NATIONAL LABORATORY

« “Synthesis and Thermophysical Property
Determination of NaCI-PuCl; Salts” Karlsson et al.
J. Mol. Liq. (2023) Accepted.




- Synthesis of PuCI3-NaCl

Preparation of the Pu metal

Pu metal reacted with hydrogen (hydride)
- Pu+ H, — PuH;,4

Then heated under vacuum (dehydride)
- PuH; — Pu + H,

Pu mixed with NH,CIl and NaCl

Slow heating rate to temper the
exothermic reaction

Pu(s) + 3NH4_Cl(S) - PuClg(S) + 3NH3(g) + 1. 5H2(g) (1)

NH4CZ (s) _>NH3(g) +HCl(g) (2)
PLL(S) + 3HCl(g) — PUCl_g(s) + 1.5H2(g) (3)

IDAHO NATIONAL LABORATORY

CRADA No. 18-CR-17, "Integrated Effects Testing for a Molten Chloride Fast Reactor."



Il Synthesis of PuCI3-NaCl

oo Liactssg
* Prepared as eutectic 36 mol% PuCl, : B -
- Elemental analysis and gamma spectroscopy ___m m\mjmd/v
- 63.3 mol% NaCl (22.6 wt%) <" M 1
~ 36.2 mol% PuCl, (76.4 wt%) R ‘
- 0.5 mol% other (1.05 wt%) LI
- FeCl,, UCI,, NpCl,, AMCl, 5 a
- Salt purity is 99.5% i} E:m:;:m; ) C;P ] o
* Density measurements at 36 mol% PuCl, so0 L 01 e — ., O-Su 30-5 Py —
- Added NaCl to achieve 25 mol% PuCl, '~ Molefractionof Pucl,

Schorne-Pinto, J., et al., Correlational Approach to Predict the Enthalpy of
Mixing for Chloride Melt Systems. ACS Omega, 2022. 7(1): p. 362-371.
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Il High temperature liquid density
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J. Chem. Eng Data 2001, 46 1203—1205 I i
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Densities of Eutectic Mixtures of Molten Alkali Chlorides below k>~ i
673 K =t ull
Hiroshi Ito* and Yasuo Hasegawa ,..--""'j
Mechanical Engineering Laboratory, AIST, METI, 1-2 Namiki Tsukuba 305-8564, Japan

Yasuhiko Ito

Department of Fundamental Energy Science, Graduate School of Energy Science, Kyoto University,
Kyoto 606-8501, Japan
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- High temperature liquid density

* Vibrating U-tube densimeter

p —po =x(t* — 15)

Internttional Journal of Thermophysics, Vol |7 No. 1. 1998

A Vibrating-Tube Densimeter for Fluids at High
Pressures and Temperatures '

J. G. Blencoe,** S. E. Drummond,? J. C. Seitz,? and B. E. Nesbitt*
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- High temperature liquid density

Maximum bubble pressure " u !

Z.Y Thunble = Fube Thubble ~ Tube Thubbslc ~ Tiube

P = (priguia — X +— _— |
(pllquld pgas).g r Maximum |
pressure | !
' i
|

e

=

Z

£

Journal of Industrial and Engineering Chemistry 63 (2018) 149-156

Contents lists available at ScienceDirect

Journal of Industrial and Engineering Chemistry

2 sec,

EI. SEVIER journal homepage: www.elsevier.com/locate/jiec

Time
Accurate determination of density, surface tension, and vessel depth | ®)

using a triple bubbler system™ =

Ammon N. Williams®, Greg G. Galbreth, Jeff Sanders

Idaho National Laboratory, 2525 Fremont Ave, Idoho Falk, 1D, 83401, United States
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LiCl (58.2%) +KCl1 (41.8%) Eutectic Salt Samples 2 & 3

- High temperature liquid density

* Other
— Dilatometry
— Hydrometer
- Pychometry

o
?;;L;;ng ﬁ‘l\D\P;!J
Article
Remote Density Measurements of Molten Salts via
Neutron Radiography

Alexander M. Long L+, 8. Scott Parker 10, D. Travis Carver ! , J. Matt Jackson 10, Marisa J. Monreal [,
Darcy A. Newmark *( and Sven C. Vogel !

Thermcraft. TransTemp (thermcraftinc.com)

Krome Dispense. Triple Scale Hydrometer
— No lead and Mercury - Krome Dispense

IDAHO NATIONAL LABORATORY



https://thermcraftinc.com/product/transtemp-transparent-tube-furnace/
https://us.kromedispense.com/product/triple-scale-hydrometer-no-lead-and-mercury/
https://us.kromedispense.com/product/triple-scale-hydrometer-no-lead-and-mercury/

- High temperature liquid density

 Archimedes hydrostatic method * Vibrating U-tube densimeter

a
J. Chem. Eng. Data 2001, 46, 1203—1205

Journal of wsics, Vol. 17, No. 1, 1996

- j_
Densities of Eutectic Mixtures of Molten Alkali Chlorides below g____). .
673 K | Y
o€—=
— d L .
Hiroshi Ito* and Yasuo Hasegawa = / A Vibrating-Tube Densimeter for Fluids at High
Mechanical Engineering Laboratory, AIST, METI, 1-2 Namiki Tsukuba 305-8564, Japan - e Pressures and Temperatures'
Yasuhiko Ito he { ] f
Department of Fundamental Energy Science, Graduate School of Energy Science, Kyoto University, J. G. Blencoe,** S. E. Drummond, J. C. Seit2,” and B. E. Nesbitt?
Kyoto 606-8501, Japan n
- h
m-_ | - | _ _ 2 2
Dlionid = air liquid Ny
lgul - Kk~ .
q AV i
-
- - M bubbl
] aximum DU e pressure
Journal of Industrial and Engineering Chemistry 63 (2018) 149-156

Contents lists available at ScienceDirect

LiCl (58.2%) +KCl (41.8%) Eutectic Salt Samples 2 & 3

* Other
— Dilatometry

Journal of Industrial and Engineering Chemistry

journal homepage: www.elsevier.com/locate/jiec

Accurate determination of density, surface tension, and vessel depth | M)

— H d t Fhubbic = Tube Thubble = Tiube Toabble = Tiube 8 : I, S
v rome er ; i using a triple bubbler system™ L
| s H 1
i Mimum, | i Ammon N. Williams®, Greg G. Galbreth, Jeff Sanders
I pressure

i Idaho National Laboratary, 2525 Fremont Ave, Idaho Falk, ID, 83401, United States

- Pycnhometer

Pressure

2y

r

Article
Remote Density Measurements of Molten Salts via
Neutron Radiography

P = (pliquid - pgas)gx +

Alexander M. Long *(, S. Scott Parker * 7, D. Travis Carver (7, J. Matt Jackson (%, Marisa J. Monreal 200,
Darcy A. Newmark 3 and Sven C. Vogel |

2 sec.

Time
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- Density of PuCl,-NaCl mixtures

Archimedes hydrostatic method
D
Mair - Wsalt %
Psalt = "y T ¥oc (T — To) 2

10 mL liquid sample, 1 cm?3 bobber

0.1 mm
tungsten wire

Quartz lid

K-type Inconel
sheathed
thermocouple

* V, measured in DI water and ethanol
* 5 mass measurements per temperature

Glassy carbon
crucible
+.020

Mgz& 0181 555 THRU
1

|

|

|

+.0 ‘
=000 345 g0 |
|

|

Nickel bobber




- Density of PuCl,-NaCl mixtures

Quartz lid

K-type Inconel
sheathed
thermocouple

0.1 mm
tungsten wire

Glassy carbon
crucible

Nickel bobber

Archimedes hydrostatic method

ntD
Mair - Wsalt +7Y

Psalt = "y T ¥ (T — Ty)?

M.;, — mass as measured in Ar

W, — weight in salt, average of five
repeat measurements

D — diameter of wire
y — surface tension of the salt
g — acceleration due to gravity on Earth

V, calculated in 10 mL of DI water and
ethanol each by same method

IDAHO NATIONAL LABORATORY




I Density of PuCl,-NaCl mixtures

Density, g/lcm?®

3.4-
3.3—-
3.2-
314
3.0-
291
2.8—-

2.7 -

2.6

Density of NaCl-PuCl; Salts

y = 4.119 + -9.532E-4x
R?= 0.9795

36 mol% PuCl,

Ramp up
Ramp Down
Random

25 mol% PuCl,

y = 3.6253 + -8.4546E-4x
R*=0.9912

® Random
® Rampup

750

1
800

1 v 1 v 1 v 1 v 1 v
850 900 950 1000 1050

Temperature, K

—
1100

Density, g/cm3

1.70

1.65

1.60

-
(&)
(&)

RN
o))
o

1.45

1.40

1.35

Density of LiCI-KCI eutectic

o
T °
T ° & |y =-55275E-04x + 2.0524E+00
e R2 = 9.9487E-01
I o +
I o
® Our data (42 mol% KCI) o
i °
® Smirnov and Stepanov +
1982 (42 mol% KClI) ¢
+ Van Artsdalen and Yaffe L™
1954 (41.2 mol% KCI)
600 700 800 900 1000 1100 1200

Temperature, K
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Il Is it possible to assume the NaCI-PuCl, system behaves

[] ? .
|dea"y ? ...No Density of PuCl,
5.0 - rule of ideal mixtures
» To estimate the density of a PuCl 1
y 3 454 ©8888859¢ 88 PGl (deal
— Use rule of additive volume DE8688
4.0 -

— Assume 36 mol% PuCl; and 25 mol% PuCl; are

not ideal mlxturei
ideal mixtures

Od
DDDDDDDDDDDDDDD PuCl, (ideal)

D0000oongg

w
o
!

- Calculate density of PuCl; from mixtures of ffdnanannangg aapge gl buCh PNNL

Temperature, K
o
|

NaCl-PuCl, fifdaaag
o 36 mol% PuCl,, INL
* Rule of additive volumes e EEsEEEEEEEegs
- 1 :WNaCl_I_WUCZB 2.5 ..-IIIII..
Pmix PNacCl pUClg - 25 mol% PUC|3, INL
- Density of NaCI" and PuCl,** 2.0
_ _ 9 g AAA
pNaCl—2.147%—0.000556m3K*T(K) 15 AAAAAAAAAAAAAAAAAAAAAAA
NaCl, LANL
~ Ppucl, = YPucls ' T ' T ' T ' T ' T ' |
- w
Putls 1 _¥Nqcl 850 900 950 1000 1050 1100 1150

Pmix PNacCl

H 3
« Mixtures of NaCl-PuCl, in this study - Not Ideal Density, g/cm

IDAHO NATIONAL LABORATORY




- Hydrostatic buoyancy method

« Many literature studies
— Ignore the effect of surface tension
nDy
g
— Approximate the volumetric expansion
Vo + AV = (Lo + AL)3

= I3 4+ 3L%AL + 3LAL? + AL3
~ L3 + 3L°AL

AL
~V+3V—

L
~ Vo(1+3 o (T —Tp))

— How much of a contribution are these terms?

* Archimedes hydrostatic method

ntD
Mair _ Wsalt TY

Psalt = "y T ¥ (T — Ty)?

~.f

Quartz lid 1 0.1 mm

tungsten wire

K-type Inconel
sheathed
thermocouple

Glassy carbon
crucible

Nickel bobber

IDAHO NATIONAL LABORATORY



- Hydrostatic buoyancy method - Archimedes hydrostatic method

D
Mair T Wsalt TY
Dy Psatt = 1 o (T — TP
- Effect of surface tension i
9
Assume
D =0.01cm Quartz lid T 0.1 mm
N tungsten wire
y~0120— e
thermocouple
,g — 9807 Cm/SZ Glassy carbon
crucible
My, — Wege = 9.3165 g — 6.3260 g = 2.9905 g
T[D ickel bobber
7)’:0.003849 Nickel bobb

: nDy
% diff = (T)/(Mair —Wsa) =0.13%

IDAHO NATIONAL LABORATORY



- Hydrostatic buoyancy method - Archimedes hydrostatic method

ntD
Mair _ Wsalt TY

Psalt = "y T ¥ (T — Ty)?

» Volumetric expansion approximation

VO + AV - (LO + AL)B
~ Vo(1+3 (T —Tp)) ___
3 Quartz lid ! 0.1 mm
Vo(l + 3 X (T - To)) Vo[l + (T - To)] = tungsten wire
K-type Inconel
sheathed
Assume V, = 1.039 cm3 o« =15.82%107° m thermocouple
mx°C Glassy carbon
T _ TO = 680°C crucible
VO(l + 3 x (T - TO)) Vo[l +& (T - TO)]3 Nickel bobber
=1.073 cm3 =1.073 cm?
% diff is negligible

IDAHO NATIONAL LABORATORY




- Corrosion of the bobber

Commercial ORNL Developed Cladding
. Structural Alloys o Alloy-N Variants - Candidates
04" ' "o *
] ¢ . * o 7 Y
* How much does the volume of the bobber BR . ¢ ¢ LR
change due to corrosion over the course of < ™ o o - e e
? L z =~ » Z ¢ s 2
measurements’ 213 228 22 85 @ N s 3
=- = E » . S = = = = © =
5 = 9 2 -
Surface Area = 5.7cm?3 5§ <
15
mg o S
Corr.rate = 0.044 3 © -
cm? * hr = 1 500h
-20 S *
Assume 30 hr equivalent exposure : :;;;MQCIE
25 M

Mass loss =7.5mg

“Compatibility Studies of Cladding Candidates and Advanced Low-Cr

Assume My, =9.3 g Superalloys in Molten NaCl-MgCl2”, ORNL/TM-2019/1132, (2019)

% dif f = 0.081%

IDAHO NATIONAL LABORATORY
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Jll Density of PuCl,-NaCl mixtures

Quartz lid

K-type Inconel
sheathed
thermocouple

Archimedes' hydrostatic method

ntD
Mair - Wsalt +7Y

Psalt = "y T ¥ (T — Ty)?

0.1 mm
tungsten wire

Glassy carbon
crucible

Nickel bobber

Density, g/cm?®

3.3—-
3.2—-
31-
3.0—-
29-
2.8—-

2.7 -

Density of NaCl-PuCl, Salts

= 36 mol% PuCl,

®  Ramp up

®  Ramp Down
= Random

y =4.119 + -9.532E-4x
R?= 0.9795

25 mol% PuCl,

® Random
® Ramp up

y = 3.6253 + -8.4546E-4x
R?=(0.9912

I ' I ' I ' I ' I ' I ' I '
800 850 900 950 1000 1050 1100
Temperature, K
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- Elemental/lsotopic Analysis

I I
Salt
. . ug/g % Error ug/g % Error
* Elemental analysis of starting ; , : { BETE s o= =7 T =0
material metal and salt 800 m 792 +5% 406 5%
— ICP-OES with TEVA separation _ [ U236 D +5% 283 +5%
— ICP-MS § - 430 5% 246 5%
G s for A2t & 700 S o g 390 5% 212 5%
S mpeE 5 | g 1 R A
- 5% 5%
* Composition E“"' S 1 10100 +5% 6040 5%
- 63.3 mol% NaCl (22.6 wt%) g L 2 | EEETI = T =
] - <40 N/A 8.06 +15%
— 36.2 mol% PuCl; (76.4 wt%) S so00/- 3] - 14.3 +30% 127 £15%
— 0.5 mol% other (1.05 wt%) — — — 10.7 +20% MR
1 T 910 +25% 727 £30%
* (FeCl;, UCI;3, NpCls, AmCly) 400 = 1 ! | D <a20 N/A 94900 5%
° 20 o s %0 00 o <30 N/A 83.8 + 20 %
 Purity of salt is 99.5% MOLE % Pu Cl,. — *
. L. . Bjorklund, C. W., Reavis, J. G., Leary, J. A., Walsh, K. A. “Phase _ i
« Eutectic composition predicted from Equilibria in the Binary Systems PuCi;-NaCl and PuCl,-LiCl" 1959 ] Pu-metal NaCl-PuCl, Salt
. uCilg % Error uCilg % Error
Bjorklund et al. m 251640 ., 141E0
— (0] _ 0 4 =J /0 4 IO/
64 mol% NaCl — 36 mol% PuCl, ST <7E 439 <3E N/A
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