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1.  INTRODUCTION 
 
Development of the sCO2 Brayton cycle as an advanced power converter for use with Sodium-
Cooled Fast Reactors (SFRs) as well as other advanced reactors and power systems [1] has been 
underway within the U.S. Department of Energy (DOE) and at Argonne National Laboratory 
since the early 2000’s.  The main benefits of supercritical carbon dioxide (sCO2) power 
conversion for SFRs are improved economics (reduction of the nuclear power plant overnight 
capital cost per unit output electrical power, $/kWe, or, alternately, the levelized cost of 
electricity, LCOE) and the elimination of the need to accommodate potential sodium-water 
reactions [2].   However, sodium and carbon dioxide (CO2) interact chemically such that there is 
a need to understand and accommodate potential sodium-CO2 interactions, if a leak were to 
occur in the heat exchanger boundary between the two fluids. 
 
The reference SFR and sCO2 power cycle used in this report is discussed in detail in [3]. It is an 
sCO2 Brayton cycle power converter coupled with the 100 MWe (250 MWt) Advanced Burner 
Test Reactor (ABTR). The ABTR is a metallic-fueled pool-type SFR operating with core outlet 
and inlet temperatures of 510 and 355 °C, respectively. 
 
The expectation is that sodium-sCO2 interactions under prototypical reactor conditions will be 
relatively benign compared with sodium-water reactions.  If sodium and sCO2 come into contact 
and interact, it will be inside of a sodium-to-sCO2 heat exchanger.  Due to the heat transfer 
properties of CO2, there is an incentive to utilize compact diffusion-bonded sodium-to-sCO2 heat 
exchangers (DBHEs) to reduce the heat exchanger size and cost relative to traditional shell-and-
tube technology.  Thus, compact diffusion-bonded sodium-to-sCO2 heat exchanger designs and 
performance parameters define the prototypical conditions of interest to the study of sCO2 –
sodium interactions.  Two postulated failure locations are inside the monolithic structure of the 
diffusion-bonded core and at the headers welded to the diffusion-bonded core.  In the event of a 
postulated crack inside the core, sCO2 could be released into a single sodium channel.  The CO2 
could displace sodium from the channel and discharge into the larger open plenum volumes of 
the sodium headers welded to the diffusion-bonded core.  In the event of a postulated crack at the 
header weld, CO2 would be released directly into the open header plenum sodium volume.  The 
SNAKE (S-CO2 Na Kinetics Experiment) apparatus at Argonne was designed to perform sCO2 –
sodium interaction experiments interactions to simulate prototypical interaction conditions in the 
two postulated failure configurations.  
 
We note that very little data is available on the failure mechanisms of DBHEs, in particular due 
to thermal fatigue.  Pra et al. [4] did not find any leaks after cycling a DBHE 100 times from 200 
°C to 500 °C.  A manufacturer of DBHEs has stated that they have demonstrated that their 
hardware “has a thermal fatigue life in excess of that required by currently available nuclear heat 
exchanger specifications [5],” but did not provide data or details to support the claim.  Data for 
thousands of cycles would be desirable in addition to sufficient cycles to actually fail a heat 
exchanger to examine the size, location and shape of the failure site.  Without sufficient data, a 
postulated structural failure of a DBHE core is expected to correspond to a small crack rather 
than a large break [6], the sCO2 release rate into sodium is expected to be limited which 
corresponds to a low overall exothermic energy release rate.   However, sCO2 –sodium 
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interactions can result in the formation of solid reaction products such as sodium carbonate that 
do not readily undergo dissolution in sodium [7].  Reaction products could accumulate in the 
intermediate sodium heat transport system and significantly impact performance and require 
cleaning.  A highly interesting phenomenon is that a micro-crack could, under the right 
circumstances, plug itself when the solid sCO2 –sodium reaction products accumulate at the 
micro-crack itself [8].  This plug would seal the crack opening and stop the release of sCO2.  If 
this occurs, the extent of sCO2–sodium interaction would be limited to only a minor amount by 
this self-plugging phenomenon.   
 
This paper presents the results of sCO2-sodium tests performed under prototypic SFR conditions 
and builds on previous sCO2-sodium studies [7]-[10]. The two main ways this paper differs from 
those previous studies is as follows: 
 

1) The current work focused on leak sizes of 0.062-0.115 mm, smaller than performed in 
past studies, which were typically in the 0.3-1.0 mm in size [7]-[10].  While the leak size 
of a typical DBHE failure is not currently known, the leak size is postulated to be small, 
on the order of microns, due to the crack forming in robust, diffusion-bonded material. 

2) This is the first known study of the injection of supercritical CO2 into sodium, since gas 
injection pressures in the current study where as high as 200 bar, where previous work 
[7]-[10], performed injections in the range of 1.0-55 bar. The expected operating pressure 
of sCO2 at the sodium-to-sCO2 heat exchanger in an SFR is just under 200 bar in the 
reference SFR [3]. 

 
 
2. sCO2-SODIUM REACTION OVERVIEW 
 
It has been found that the reaction between carbon dioxide and sodium at temperatures relevant 
to SFRs can be divided into two regimes separated by a threshold temperature.  This threshold 
temperature has been observed to occur at approximately 500 °C [7], although different 
investigations have yielded different threshold temperatures.  Gicquel et al. [7] described the 
three reactions pathways below 500 °C as: 
 ܰܽ(݈) + (݃)ଶܱܥ → 14ܰܽଶܥଶ ସܱ + (݃)ܱܥ14 + 14ܰܽଶܱܥଷ +  Δܪ଴ Δܪ଴ =  C°25  ݐܽ  ݈݋݉/ܬ݇ 258− 

(1) 

 ܰܽ(݈) + 14ܰܽଶܥଶ ସܱ → 34ܰܽଶܱ + (݃)ܱܥ14 + ܥ14 +  Δܪ଴ Δܪ଴ =  -10 kJ/mol at 100°C 
(2) 

  ܰܽ(݈) + (݃)ܱܥ12 → 12ܰܽଶܱ + ܥ12 + Δܪ଴  Δܪ଴ =  C°25  ݐܽ ݈݋݉/ܬ݇ 153− 
(3) 

 
Note that the enthalpy of reaction, ΔH0, is reported at different temperatures in Eq (1)-(3).  At 
low temperature, the reaction between sodium and carbon dioxide involves an induction time 
(i.e., a waiting time) that decreases with increasing temperature.  Sodium carbonate, carbon 
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monoxide, and sodium oxalate are produced.  The oxalate reacts rapidly with sodium forming 
sodium oxide, additional carbon monoxide, and elemental carbon.  Carbon monoxide is known 
to react with sodium but slowly with an induction step and time that also decreases with rising 
temperature.  The kinetics of the CO-sodium reaction is much slower than the sodium oxalate – 
sodium reaction [7].  Sodium carbonate is not expected to significantly react with sodium at 
temperatures of interest to SFRs. 
 
Gicquel et al. [7] performed several CO2-sodium reaction tests and analyses. The tests were 
typically short timescale CO2-sodium interaction experiments [7,8,9,10,11].  Reaction products 
such as CO may not fully react with sodium during the transit time of the gas through the 
sodium.  In the Gicquel et al. [7] experiments, carbon dioxide was sparged through pools of 
sodium promoting agitation between the species and creating very good mixing.  Other modes of 
contact such as surface interactions are expected to delay or inhibit complete reaction, especially 
at low temperatures [10].  
 
Above 500 °C, Gicquel et al. [7] noted that there was a rapid reaction between CO2 and sodium 
that formed sodium carbonate and elemental carbon [7]: 
 4ܰܽ(݈) + (݃)ଶܱܥ3 → ܥ + 2ܰܽଶܱܥଷ +  Δܪ଴ Δܪ଴ =  at 500°C  (4) ݈݋݉/ܬ݇ 355− 

 
Both of the C and Na2CO3 reaction products were solids; no gaseous reaction products were 
formed.  However, at temperatures higher than 500 °C, carbon monoxide could also be formed 
according to the Boudouard equilibrium [7]: 
ܥ  + (݃)ଶܱܥ  ⇌  (݃)ܱܥ2 

 (5) 

 
The perspective of Gicquel et al. [7] was that very little carbonate reacted with sodium.   
Several of the expected reaction products can dissolve into sodium including elemental carbon 
and sodium oxide.  Thus, if a leak formed in a sodium-to-CO2 heat exchanger enabling CO2 to 
enter the intermediate sodium loop of an SFR, a portion of the CO2 would be converted to 
elemental carbon.  The carbon in the sodium can potentially cause carburization of stainless 
steel, although carburization is a slow rate limited process at SFR temperatures.  Researchers 
[7,8] also identified the presence of solid reaction products such as sodium carbonate, sodium 
oxalate, and large quantities of sodium oxide.   
 
The sCO2-sodium reaction energy (enthalpy of reaction) at 500 °C of -355 kJ/mol from Eq (4) is 
larger than the sodium-water reaction energy (-168 kJ/mol) in terms of joules per mole [12]: 
 ܰܽ(݈) + (݃)ଶܱܪ → ܪܱܽܰ + ଶܪ12 +  Δܪ଴ Δܪ଴ =  C  (6)° 500 ݐܽ  ݈݋݉/ܬ݇ 168− 

 
However, it is more appropriate to compare the relative reaction heat produced per gram of gas 
introduced into sodium.  The sodium-water reaction produces approximately two times more 
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energy, in the form of heat, than the sCO2-sodium reaction per gram of gas at SFR operating 
temperatures.  Experiments at Argonne [11] and other international institutes [7,10] have shown 
that while the sodium-water reaction is instantaneous, the sCO2-sodium reaction is slower and 
less complete at SFR temperatures and conditions.  Wastage experiments [8] have also shown 
that the sodium-sCO2 reaction products don’t destroy nearby structural materials due to 
corrosion/erosion as is possible from a sodium-water leak where sodium hydroxide is a reaction 
product.  Sodium-water wastage can cause propagation of heat exchanger tube failures, if 
unmitigated by design features. 
 
A one-to-one comparison of the reaction energy produced by sodium-water and sCO2-sodium 
leaks for fixed leak size at prototypic reactor conditions showed that the sodium-water leak 
produces more heat than a sCO2-sodium leak.  For temperatures corresponding to the lower 
portion of SFR operation, the sodium-water reaction produces substantially more energy since 
the water will be a high-density liquid that will flash to steam as it is vents into the sodium side.  
 
Since the heat produced, reaction rate, wastage affects, and leak size associated with a CO2 leak 
into sodium are all lower when compared with a steam leak into sodium, the consequences of 
sCO2-sodium interactions under prototypical reaction conditions are relatively benign compared 
with sodium-water reactions.  
 
3. sCO2-SODIUM REACTION EXPERIMENT 
 

3.1. Test apparatus 
 
The test apparatus used in the sCO2-Na reaction experiments is illustrated in Figure 1.  The test 
vessel is approximately 2.0 meters tall and has an inner diameter of 0.1 m.  The test vessel can 
contain up to 1.0 m (7.8 kg) of static, e.g. non-flowing, sodium.  A new, clean test vessel was 
used for each experiment and filled with new sodium supplied from a filtered (15 micron) R-
grade sodium tank with specifications as shown in Table 1.  Oxygen content of the sodium was 
kept low by filling the test vessel from the supply tank at under 150 °C and by maintaining a 
very pure argon cover gas in the test vessel during and after filling using Built-in-Purifier grade 
argon, specifications shown in Table 2.  Oxygen and carbon content of the sodium was further 
curtailed by minimizing the oxygen available on the stainless steel surfaces through extensive 
cleaning and high-temperature, > 450 °C, bake-out under vacuum prior to the filling of sodium 
into the system.   
 
sCO2 was supplied via a high-pressure line to the bottom of the test vessel, purity specifications 
in Table 2. Two configurations for sCO2 injection into the static sodium column are shown in 
Figure 2.  An open pool configuration was used with a nozzle exhausting upward into the sodium 
pool. A single DBHE channel mock-up configuration was also tested.  The DBHE channel was 
filled with sodium by allowing the sodium to wet it at temperatures of around 500 °C for over 24 
hours.  sCO2 was then exhausted from a sideward facing nozzle and exhausted through the top 
and bottom of the DBHE channel mock-up, shown in Figure 3.  The sCO2 was supplied via a 
research grade gas cylinder and compressed to the target pressure into a delivery reservoir by an 
air-driven gas booster pump.  Prior to injection of sCO2, low-pressure argon was supplied 
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through the injection line to the nozzle in order to prevent sodium from flowing backward 
through the nozzle and obstructing the injection line.  Argon flow rates were low, below 90 g/hr 
(0.84 slpm) and also composed of Built-in-Purifier grade argon. 
 
After traveling through the liquid sodium column, unreacted gases flowed into a cover gas space.  
Sodium vapor was expected to also enter the cover gas space.  The quantity of sodium vapor was 
dependent on the amount of sodium that was entrained by gas sparging and the temperature of 
the apparatus which significantly controlled the vapor pressure. A fixed argon cover gas flowrate 
of 1600 g/hr (9.6 slpm) was applied throughout the experiment and composed of Built-in-Purifier 
grade argon.  The cover gas, unreacted gases and sodium vapor then passed through the gas 
exhaust system which included a sodium vapor separator and several filters which were intended 
to capture sodium vapor.  A gas mass spectrometer and an infrared thermal acoustic CO gas 
analyzer were used to monitor the gas composition before it was exhausted.   
 

3.2. Instrumentation 
 
A list of instrumentation used during the sCO2-Na interaction experiments is shown Table 3 and 
the key measurements are highlighted in Figure 1.  The temperature of sCO2 injection was 
monitored by a Type-K immersion thermocouple in the injection line located several millimeters 
from the injection point.  The sCO2 flowrate was monitored by two Coriolis mass flowmeters, a 
low range and high range, in order to monitor a wide range of flowrates from 60 g/hr – 10,000 
g/hr.  The pressure of the injected sCO2 was monitored near the injection point and the delivery 
reservoir.   
 
The test vessel pressure was monitored in the cover gas space.  The temperature of the static 
sodium column was measured by a 12-point immersion Type-K thermocouple rake.  The vertical 
spacing between thermocouples was 100 mm and the first thermocouple was typically located 
below the injection point but the exact distance varied between tests.  Additional point 
measurement Type-K thermocouples were also installed near the injection point and locations 
varied by test.  A relatively new instrument called a distributed temperature sensor (DTS) was 
also used in parallel to the thermocouple rake to measure the static sodium column temperature 
in high resolution.  This instrument is discussed extensively in Gerardi et al. [13].  The DTS was 
a 125 μm diameter single-mode optical fiber installed into Ø 360 μm OD, Ø 160 μm OD silica 
capillaries and then placed into a Ø 1.59 mm OD, Ø 0.056 mm ID stainless steel tube that 
extended from the top vessel head downward into the sodium column and acted as a thermowell.  
The DTS measured the full gas space temperature and, depending on the individual experiment 
setup, either the full or partial sodium column temperature.  This DTS configuration can be used 
reliably up to 600 ˚C [14] and has been extensively evaluated for temperature measurements by 
the Argonne group [13, 14, 15, 16, 17].  Sodium level was monitored non-intrusively by a 
gamma level meter and intrusively by the distributed temperature sensor, with the mechanism of 
both sensors also discussed in detail in Gerardi et al. [13]. 
 
Exhaust flow rate was monitored by a gas mass flow meter. The composition was measured by a 
mass spectrometer that specifically monitored Ar, CO2, CO, O2, C, H2O, Na and Na2O.  An 
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infrared thermal acoustic gas analyzer monitored low concentrations of CO only, from 0-1000 
ppm. 
 
Acoustic emission devices were used in some experiments in order to investigate the ability for 
acoustic measurements to identify small reactive and nonreactive gas leaks into sodium systems.  
Two WSα wide-band (100-1000 kHz) acoustic emission sensors from Mistras were acoustically 
coupled to the exterior of test vessel via 30.5 cm long waveguides to thermally isolate them since 
the maximum operating temperature of these sensors was 175 °C. One sensor was typically 
located at the nozzle elevation and the other was located at least 10 cm above or below nozzle 
elevation.  There was not a significant difference in measured data trends as a function of 
elevation or azimuthal location other than acoustic intensity. 
 

 
Figure 1: Apparatus for sCO2-Na reaction experiments; primary measurements are listed for the test vessel, 
CO2 injection line and exhaust line. 

 

Table 1: Sodium specifications from supplier 

Component Na Ca K Cl Br Pb 
Specification (%) >99.9 6 ppm 330 ppm <5 ppm <5 ppm <1 ppm 
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Table 2: Certified concentrations of gases used in experiments 

 Specified Impurity levels 
Oxygen Water Hydrocarbons Nitrogen Ar+O2+CO 

CO2 injected: 
Research Grade 

n/a < 3 ppm < 1 ppm < 5 ppm < 1 ppm 

Ar injected: 
Built-in-Purifier 

< 10 ppb < 20 ppb < 100 ppb < 5 ppm n/a 

Ar cover gas: 
Built-in-Purifier 

< 10 ppb < 20 ppb < 100 ppb < 5 ppm n/a 

 

 

 
 

       (a)         (b) 

Figure 2: Two configurations for sCO2 injection into sodium, with (a) open sodium pool injection and (b) 
injection into a single sodium-filled DBHE channel mock-up.  
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Figure 3: Drawing of DBHE channel mock-up. DBHE channel exhausts from both top and bottom.  sCO2 
was injected approximately mid-way on the channel. 
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Table 3: Measurements made during sCO2-Na experiments 

Measured 
property 

Location Instrument Measurement 
range 

Accuracy 

CO2 injection 
temperature 

In-fluid at 
nozzle 

Type-K 
immersion 

thermocouple 

-200 ˚C-1250 
˚C 

±0.75 % 

CO2 injection 
flowrate 

CO2 injection 
line 

Coriolis mass flow 
meter QMBM3 

0.06-0.63 kg/hr. 
 

±0.5 % 
 

CO2 injection 
flowrate 

CO2 injection 
line 

Coriolis flow 
meter QMBM4 

1-10 kg/hr. ±0.5 % 

CO2 injection 
pressure 

CO2 injection 
line 

Absolute pressure 
transmitter 

0-275 bar ±0.1 % 

CO2 reservoir 
pressure 

CO2 reservoir Absolute pressure 
transmitter 

0-275 bar ±0.1 % 

Ar low-pressure 
nozzle flowrate 

Ar injection 
line 

Gas mass flow 
controller 

0-2 
SLPM/Argon 

±1 % 

Ar cover gas 
flowrate 

Ar cover gas 
line 

Gas mass flow 
controller 

0-25 
SLPM/Argon 

±1 % 

Test vessel 
pressure 

Top of test 
vessel 

Absolute pressure 
transmitter 

0-275 bar ±0.1 % 

Test vessel Na 
temperature 

Thermowell in 
test vessel 

x12 Type-K 
immersion 

thermocouple 

-200 ˚C to  
1250 ˚C 

±0.75 % 

Test vessel Na 
temperature 

Thermowell in 
test vessel 

Distributed 
temperature sensor 
(DTS) at 5.12 mm 

spacing  

< 600 ˚C  ±2.5 % 

Test vessel Na 
level – non-

intrusive 

Exterior of test 
vessel 

Gamma level 
meter 

0-1.0 m ±0.05 m 

Test vessel Na 
level - intrusive 

Thermowell in 
test vessel 

Distributed 
Temperature 

Sensor 

0-1.5 m ±0.025 m 

Exhaust flowrate Gas exhaust 
line 

Teledyne gas mass 
flow meter 

0-30 
SLPM/Argon 

±1 % 

Exhaust gas 
composition 

Gas exhaust 
line 

Mass spectrometer >800 ppm CO2 
>1400 ppm CO 

±5 % 

Exhaust CO 
composition 

Gas exhaust 
line 

 Infrared thermal 
acoustic gas 

analyzer 

0-1000 ppm 
CO 

±10 % 
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4. EXPERIMENTAL RESULTS AND DISCUSSION 
 
Twelve separate sCO2-Na experiments were completed to-date using the SNAKE apparatus.  
The initial Na temperature and sCO2 pressure of those experiments are shown in Figure 4, and 
additional details in Table 4.  The nominal SFR sCO2-Na DBHE operating pressure is 
approximately 200 bar with a temperature range of 320 °C to 520 °C, depending on the Brayton 
Cycle design.  The upper end temperature could be raised further as the core outlet temperature 
increases.  A wider range of test conditions was performed using the SNAKE apparatus to 
explore the effects of parameters such as temperature and pressure. Temperatures and pressures 
of the sCO2-Na tests ranged from 120 °C and 500 °C and 29 and 200 bar, respectively.  
Additionally, it was expected that the heat exchanger of an operational SFR will see significant 
time at lower temperatures and pressures than the nominal operating range during startup and 
cooldown.  A heat exchanger failure is more likely to occur during these transients when thermal 
and pneumatic pressure deviations alter the stresses placed on the heat exchanger structures.   
 

  
Figure 4: Initial sCO2 pressure and sodium temperature for all sCO2-Na experiments performed in SNAKE 
to-date. 
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Table 4: Specifications for all sCO2-Na experiments performed in SNAKE to-date 

Test # Sodium column 
temperature, (˚C) 

Gas initial stagnation 
pressure, (bar) 

Average sCO2 
injection 

temperature (°C) 

Nozzle Diameter 
(μm) 

1 180 90 170 64 

2 143 28 143 64 

3 99 61 146 64 

4 179 76 144 64 

5 193 86 146 64 

6 199 101 145 64 

7 202 113 145 64 

8 (OP) 332 161 305 75 

9 369 169 356 74 

10 381 202 362 62 

11 180 200 495 71 

12 (SC) 331 164 326 115 
 

4.1. Comparison of open pool and channel injection experiments 
 
Two sCO2-Na tests were selected for detailed discussion in this section.  The first was an open 
sodium pool (OP) test with a nozzle configuration as shown in Figure 2(a), while the second test 
was performed with a single sodium-filled DBHE channel (SC) with a nozzle configuration as 
shown in Figure 2(b).  The initial conditions of both tests were similar and are shown in Table 5. 
For both tests, the initial sodium temperature was approximately 330 °C and the sCO2 injection 
pressure was approximately 160 bar.  A larger injection nozzle diameter, 115 μm, was used in 
the SC test compared with the 75 μm diameter injection nozzle in the OP test.  The sCO2 
injection duration was longer for the SC test, 0.56 hr, compared with 0.37 hr for the OP test.  
Due to the larger nozzle diameter and test time, approximately 4 times more CO2 was injected 
during the SC test, 435 g, than during the OP test, 107 g. 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

12 
 

  
Table 5: Specifications of open-pool and channel injection experiments. 

Test 
Name Configuration 

Initial 
sodium 

temperature 
(°C) 

Average 
sCO2 

injection 
temperature 

(°C) 

Initial 
sCO2 

pressure 
(bar) 

Injection 
nozzle 

diameter 
(μm) 

sCO2 
injection 
duration 

(hr) 

Total 
sCO2 

injected 
(g) 

OP Open sodium 
pool 332 305 161 75 0.37 107 

SC 
Single sodium-
filled DBHE 

channel 
331 326 164 115 0.56 435 

 
Plots of key data obtained in the OP and SC tests are shown in Figure 5.  The mass flowrates of 
sCO2 through the nozzle and the mass flowrates of gas out the exhaust are plotted in the upper 
graphs of the figure.  The exhaust flowrate excludes the argon cover gas flowrate which was 
subtracted from the measured total exhaust flowrate to obtain the flowrate of CO2 and CO that 
was not consumed by reaction with the sodium.  The inlet flowrate of sCO2 remained 
approximately steady for the OP test with a gradual decrease in flowrate reflecting the gradual 
decrease in pressure during the test from 164 bar to 107 bar.  The flowrate of gases out of the 
exhaust for the OP test were significantly lower than the injected flowrate which the authors 
attributed to the gas reacting as it traveled upward through the sodium column.   
 
The inlet flowrate for the SC test was not as steady which was likely due to the sharper decline in 
supply pressure due to higher choked-flow rates from the larger nozzle.  At 0.34 hr, the supply 
pressure of sCO2 had reduced from the starting pressure of 161 bar to 89 bar. At that time, the 
pressure was temporarily boosted to 150 bar by 0.41 hr.  After 0.41 hr, the supply pressure was 
allowed to decay to 97 bar by the conclusion of the test. 
 
The flowrates of the exhausted gases were much steadier for the OP test than for the SC test.  
This was postulated to be partially due to the geometry of injection since the sCO2 had to pass 
through the narrow DBHE channel and against the flow of liquid sodium back into the channel 
due to the sodium gravity head before reaching an open sodium volume.  The two-phase, 
reacting counter-flow resulted in unsteady flow out of the channel.  The periodic flow behavior 
observed was postulated to be partially due to the nature of the chemical reaction.  Numerous 
tests injecting inert argon gas, through the same nozzle, into the same volume of sodium did not 
exhibit unsteady flow. sCO2 injections into an empty vessel without sodium, through the same 
nozzle, did not exhibit unsteady flow. The only unsteady flow observed was during the reacting 
sCO2-sodium tests.  The post-test results are discussed in detail below, but one relevant finding 
was that a significant quantity of solid reaction products was produced that trapped the CO2 and 
CO gases in a foam-like structure, see Figure 9.  Pockets of gas could have been periodically 
trapped, accumulated and then burst once they reached a critical size.  The physical structures 
associated with the channel inside the test vessel for the SC test could have allowed the foams to 
stick below the sodium level for long periods before eventually rising to the surface and bursting.  
The OP test had limited internal structures and the sCO2 jet was directed upwards which may 
have allowed the trapped gases to transit the sodium column unobstructed and to steadily exit the 
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free surface.  Interestingly, the SC test exhaust rates exceeded the sCO2 inlet flowrate at several 
times which supports the theory that gases were trapped in a foam structure and then periodically 
released in large quantities. 
 
The mass spectrometer and infrared thermal acoustic CO gas analyzer data for both tests are 
plotted at the bottom of Figure 5. The CO gas analyzer measurement range was 0 to 1000 ppm 
CO, whereas the mass spectrometer was less sensitive below 1000 ppm but was capable of 
measuring percentage levels of both CO2 and CO.  Based on the mass spectrometer 
measurements, the exhaust gases for the OP test were primarily CO whereas a combination of 
CO2 and CO were exhausted from the SC test.  The OP test had a very steady exhaust percentage 
of CO, peaking at 0.27%.  The SC test exhibited three separate peaks of CO2 and CO, peaking at 
1.4% and 0.14%, respectively. 
 

 

  
Figure 5: sCO2 inlet flowrate compared with exhaust gas flowrates and exhaust gas fractions for (left) OP 
test and (right) SC test. Note that the thermal acoustic gas analyzer has a peak measurement threshold of 
1000ppm. 

 
A 12-point thermocouple rake and a continuous DTS instrument were used in both tests to 
monitor the sodium column temperature.  The DTS measurements in the OP test were more 
useful than the temperature rake in describing the results due to the high resolution of the DTS 
data.  The DTS results are plotted as a contour plot in Figure 6.   The x-axis represents time and 
y-axis represents height above the nozzle.  Color intensity is used to represent temperature.  
Measurement frequency was 100 Hz which accounts for the high data density of the x-axis.  The 
DTS spatial (y-axis) resolution was 5.12 mm.  A sharp temperature gradient was observed at 52 
cm above the nozzle height which was the sodium level.  The sharp temperature gradient was 
due to the cooler argon cover gas feed flowing across the sensitive DTS.  This behavior was 
leveraged in SNAKE experiments to determine sodium level and is discussed in detail in 
[Gerardi et al., 2017].  Prior to the injection of sCO2 at time zero, a temperature gradient was 
observed in the sodium column with elevated temperatures from 42.5 cm to 52.2 cm which was 
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where a band heater was placed to maintain test vessel temperature.  Thus, some minor 
temperature stratification was observed.  Shortly after the injection of sCO2, the sodium 
temperature quickly homogenized due to increased stirring caused by the sCO2 jet.  Over the 
course of the remainder of the experiment, the bulk sodium temperature gradually increased in a 
uniform manner.  The temperature behavior of the sodium column is consistent with 
observations discussed above that for the OP test, the sCO2 and sodium were well mixed, 
chemical reactions took place uniformly and the chemical reaction rate was steady. 
 
The thermocouple rake measurements, shown in Figure 7 as a contour plot, were more useful to 
describe the SC test results because the DTS measurements were not obtained for the full 
duration of this test while the thermocouple rake covered the complete test.  While the 
thermocouple rake spatial resolution of 10 cm was not nearly as good as the DTS resolution, the 
rake resolution was more than sufficient to make significant observations during the SC test.  
The temperatures prior to the injection of sCO2 at t=0 were very uniform for the SC test due to 
improved test vessel insulation and heater control. The free surface was initially 59 cm above the 
injection nozzle.  Following injection of sCO2, temperatures near and above the free surface rose 
first.  The reaction boundary gradually progressed downward throughout the test.  When the 
reaction front reached below the bottom DBHE channel exit, the temperature increased to 470 °C 
very quickly.  The movement of the reaction front downward could have been from two 
mechanisms: 
 

1) Buildup of reaction product foam at the top of the sodium column could have 
prevented upward movement of CO2.  The accumulation of this foam would push the 
location where CO2 reacted with sodium progressively lower and would also increase 
the residence time of CO2 as it was unable to freely escape the sodium column. 

2) The kinetics of the chemical reaction between CO2 and sodium is known to increase 
with temperature [7]. The data from [7] indicated this threshold value was 
approximately 500 °C, but the temperature data from the SC test indicate that the 
temperature at which the reaction became nearly instantaneous was approximately 
410 °C to 420 °C since this was the range where the temperature leveled out at a 
given elevation and the reaction front moved downward.  The lower threshold 
temperature observed in the current test compared with Gicquel et al. [7] could be 
explained through the mixing geometry. Supercritical CO2 was bubbled through bulk 
sodium in the current test which created turbulent mixing and significant interfacial 
area, while in [7], calorimetry studies were performed to identify the ~500 °C 
threshold. The calorimetry studies contained static CO2 and sodium with limited 
interface area and were mass-diffusion limited.  

 
For the SC test, additional thermocouples were placed near the DBHE channel exits and attached 
to the exterior of the channel at the location where the sCO2 jet impinged on the channel interior 
as it exited the nozzle.  The thermocouple locations are shown in the inset of Figure 8 and the 
measurements made by these thermocouples along with the sCO2 injection temperature are 
shown in Figure 8.  Temperatures as high as 938 °C were recorded.  This high temperature value 
was observed at the bottom channel exit.  Due to the rapid increase in temperature observed at 
that location, the experiment was terminated by stopping the injection of sCO2 at t=0.56 hr. The 
test was terminated due to the possibility that the rapidly escalating temperature could degrade 
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the integrity of the sodium vessel and cause a sodium leak.  While there were a number of 
thermocouples in the system, there could have been local temperatures even higher than what 
was observed.  
 
The DBHE mock-up thermocouple data of Figure 8 indicates that sCO2 flow exiting from the top 
DBHE channel exit primarily was responsible for the exothermic reaction and temperature 
increases observed from t=0 until t=0.4 hr.  After 0.4 hr, there was a rapid increase in 
temperatures first at nozzle elevation and then at the bottom DBHE channel exit. It is possible 
that around 0.4 hr the sCO2 flow in the DBHE channel primarily exited from the bottom exit 
since the temperatures at or below the nozzle started increasing faster than at locations above the 
nozzle.  After t=0.49 hr, the thermocouple above the top channel exit started decreasing at a rate 
consistent with steady heat loss while the thermocouples below that point were still increasing 
rapidly.  This information strongly suggests that no or little CO2 flowed from the top channel exit 
after 0.49 hr, possibly due to reaction product build-up and blockage.  That blockage would force 
more flow out the bottom channel exit, which could also explain the rapid temperature escalation 
directly below the bottom exit.  The high temperature value of 938 °C recorded below the bottom 
exit of the DBHE at 0.56 hr may have been the peak chemical reaction front.  It was not possible 
to check whether a blockage had formed on the top DBHE exit since the channel was physically 
removed from the test vessel several weeks after the experiment was completed and cooled.  
Since the bulk sodium temperature had been slowly increasing and had reached approximately 
410 °C at t=0.49 hr, this could be a threshold temperature where the chemical reaction induction 
time became very short which allowed the chemical reaction to be nearly complete directly at the 
bottom channel exhaust point into bulk sodium.  If the top channel exhaust point was 
unobstructed at this time, then a sharp temperature increase near that point would have been 
expected as well but this was not observed. This suggests that the upper exit of the DBHE was 
blocked at t=0.49 hr.   
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Figure 6: Contour plot of the DTS data for the OP test showing temperature at all measured distances above 
the nozzle vs. time.  Temperature color scale shown below the plot. 

 

 
Figure 7: Contour plot of the thermocouple rake for the SC test showing temperature at all measured 
distances above the nozzle vs. time.  Temperature color scale shown to right of plot.  Location of channel and 
initial sodium level area are shown to left of plot. 

 

 
Figure 8: Temperature data for thermocouples placed near the DBHE channel mock-up for the SC test. 
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4.2. Solid reaction product post-test analysis 
 
After each sCO2-sodium test, the test vessel was allowed to cool to room temperature, carefully 
dismantled and the solid materials were examined.  In all of the tests where a significant and 
sustained reaction between sCO2 and sodium was observed, there was an appreciable quantity of 
solid reaction products removed from the test vessel.  Two representative samples of reaction 
products from the SC test are shown in Figure 9.  These pieces were extremely lightweight and 
porous.  There were specks of black, brown and white throughout.  Sodium was observed in the 
interior of the reaction products when cut.  Both chunks were approximately 50 mm x 25 mm x 
10 mm in size.  They were air and humidity reactive since they slowly started to absorb moisture 
and produce foam from hydrogen production.  Samples that were left in air for several days 
severely deteriorated, losing their shape.  Some color change was observed, with more white 
visible in addition to the browns and blacks that were visible immediately after hub removal.    
 

  
 

 
Figure 9: sCO2-sodium solid reaction product samples removed from the test vessel after the (top) SC test 
and (bottom) OP test. These samples were very low in density and observed to have a foam-like structure. 

 
Scanning electron microscope (SEM) images and energy-dispersive x-ray spectroscopy (EDS) 
measurements of the reaction products were obtained using samples removed from the reaction 
product chunk and the bottom hub assembly.  The reaction products were placed in an argon 
atmosphere quickly after removal from the SNAKE test vessel and isolated from air as much as 
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possible prior to performing the SEM and EDS measurements.  An example of a typical SEM 
image from the SC test is shown in Figure 10(left).    Flakes of reaction products approximately 
100 μm square are visible in some of the images.  SEM images taken of the channel itself (not 
shown) after the test show minimal wastage or other damage.  No visual damage was observed 
where the sCO2 jet impacted the opposite channel wall and only some very small pitting (<100 
μm) was observed near the exhaust of the DBHE channel into the bulk sodium pool where 
significant reaction occurred between the CO2 and sodium.  A second SEM image, Figure 
10(right), was taken of a sCO2-sodium solid reaction product sample taken from a test that was 
not detailed in the current article.  This image was shown because it clearly shows that small (> 
50 μm) gas bubbles can be captured within the solid reaction products and that evidence of their 
capture can survive some exposure to air as the samples were transported from the SNAKE 
experiment to the SEM facility.  Evidence of captured gas bubbles were found in some reaction 
product samples but not often, although there was not an effort to actively search for such 
bubbles.  The reaction products often were partially decomposed by the time they arrived at the 
SEM facility so it is possible that the decomposition process alters the physical geometry of the 
reaction products and could expunge evidence of trapped bubbles. 
 

  
Figure 10: SEM images of solid sCO2-sodium reaction product samples after the SC test (left) and an open 
sodium pool test (right) not discussed in detail in this report. 

 
The Energy-dispersive X-ray spectroscopy (EDS) results for the solid sCO2-sodium reaction 
products from the SC test are summarized in Figure 11 with the carbon, oxygen and sodium 
content plotted for each EDS sample. The samples were ordered by increasing carbon content for 
this visualization.  Samples were chosen randomly but it is not expected that the ratio of low 
carbon content materials to high carbon content materials in this graph is fully representative of 
the bulk reaction product content.  The atom percentages for Na2CO3 (43% Na, 45% O, 11% C) 
are also shown which supports the theory that much of the sample was composed of sodium 
carbonate.  However, it does also appear that some of the samples have heavy carbon 
composition, with the highest concentration of carbon observed being 88%.  The presence of 
sodium oxalate (34% Na, 48% O, 18% C) was not directly supported by this data.  Sodium 
oxalate is air-reactive so it may have been present after the sCO2-sodium reaction test but 
decomposed by the time the reaction products were analyzed.  Additionally, a combination of 
sodium carbonate with a small amount of sodium oxalate would be difficult to differentiate with 
this technique. 
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Figure 11: EDS data of the solid sCO2-sodium reaction products from the SC test.  Samples were chosen 
randomly and plotted as function of increasing carbon content. 

 
Titrations were performed on the solid reaction products produced in several tests.  In those 
titrations, approximately 16-28% of the samples were identified as being Na2CO3, 1% as Na2O, 
5% as Na2C2O4 and 67-72% as Na.  Approximately 5-11% of the samples had unaccounted for 
material that was postulated to be a carbon-heavy molecule due to the chemical properties of the 
unidentified material and its deep black color.  X-ray diffraction (XRD) was used to study the 
crystalline structure of the reaction products.  Products were washed in ethanol in a nitrogen 
atmosphere and were ground and mounted for XRD analysis.  The species that were possibly 
observed include Na, Na2O, NaOH, Na2C2O4, Na2CO3, Na2C2O2, C and Na2C2. This method for 
analyzing the reaction products was not used for all tests since the amorphous structure of the 
reaction products made the XRD analysis very challenging and results inconclusive. 
 

4.3. Observation of sCO2 flow stoppage  
 
Two out of the twelve sCO2-sodium interaction experiments performed with SNAKE so far 
resulted in rapid obstruction of the injector nozzle itself and complete stoppage of sCO2 flow.  
The specifications of those two tests are shown in Table 6.  These no-flow tests are labeled NF1 
and NF2 for the remainder of this article.  The main feature that separated them from other 
SNAKE tests was that they were performed with a relatively high initial sodium temperature, 
369 °C and 500 °C, respectively.  Interestingly, two tests were performed in a similar 
temperature range (369 °C and 411 °C) that did not result in injector nozzle blockage.  Thus, 
there exits some uncertainty in what conditions and phenomena were responsible for injector 
nozzle blockage.   
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Both of the NF tests were open sodium pool tests and were performed in a similar manner as all 
of the other sCO2-sodium tests.  Prior to sCO2 injection, a series of inert nitrogen injections into 
sodium were performed.  These nitrogen tests were performed to confirm that all of the 
instrumentation and other systems were operating correctly since the test apparatus takes several 
months to set up between tests and the sCO2-sodium experiments can only be performed a single 
time in a given test apparatus.  The nitrogen injections also serve the purpose of verifying that 
the injection nozzle was not blocked or compromised prior to sCO2 injection.  The nitrogen tests 
were performed at the same sodium temperature conditions and at a range of pressures including 
at the same test pressure as NF1 and NF2. 
 
Table 6: Specifications of sCO2-sodium tests that resulted in injector nozzle blockage 

Test 
Name Configuration 

Initial Sodium 
Temperature 

(°C) 

Initial sCO2 
pressure (bar) 

Injection 
nozzle 

diameter (μm) 

sCO2 injection 
duration (hr) 

NF1 Open sodium pool 369 169 74 ~0 
NF2 Open sodium pool 499 202 71 ~0 

 
A theory for the growth of solid reaction products on the nozzle that results in flow obstruction is 
depicted in Figure 12.  The nozzle was assumed to be clear and unobstructed prior to opening the 
sCO2 injection valve while inert argon flowed through the nozzle at low pressure.  
Approximately 3 seconds after opening the injection valve, labeled t=0 sec in Figure 12, sCO2 
began to flow through the nozzle and solid reaction products immediately were formed through 
sCO2 contact with sodium.  At time t>0 sec, entrainment of liquid sodium in the jet ensured that 
plenty of sodium was available to react very near the surface of the injection nozzle.  The flow 
pattern of gas jets submerged in liquids are naturally unsteady compared with gas jets into gases 
[18].   The underexpanded jet structure can be disrupted by nonlinear variation of the two-phase 
acoustic velocity and large-scale unsteady disturbances in the bulk gas/liquid flow.  This leads to 
a nonlinear oscillation of the jet and irregular collapse of the gas column followed by explosive 
outward burst of gas.  The unsteadiness can result in oscillatory gas release and slugging of 
liquid into the jet passage which destabilizes the static pressure at the jet exit and within the 
liquid beyond the jet boundaries [19, 20, 21].   Due to this “chugging” behavior, a portion of the 
solid reaction products can form near the surface of the injection nozzle, cling and accumulate.  
Particles in turbulent flow are known to affect the turbulent pulsations of the gas.  Heavy 
particles may result in a decrease in turbulent energy and light particles will change the turbulent 
spectrum [22].  A condensing jet can be used as an analogy for a reactive submerged jet. 
Chugging of condensing vapor was observed by Gulawani et al. [23].  Chan and Lee [24] studied 
condensing steam flows injected into subcooled water and observed chugging of the vapor phase 
where liquid water periodically entered the injector.  For a reacting sCO2-sodium jet, if the 
reaction rate exceeded the gas supply rate than liquid sodium would be drawn into the nozzle 
where it could react to form solids and attach to the walls, which happened after t>0 sec. The 
buildup of the solid reaction products occurred at t>>0 sec, with possible multiple events of 
spall-off of the reaction products, as depicted in Figure 12, until the reaction products built 
sufficiently fast to completely choke off the flow of sCO2 and completely obstruct the nozzle at 
t~60-300 sec. 
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The observed obstruction was presumed to be due to the solid reaction products produced by the 
sCO2-sodium interaction since non-reacting nitrogen flow through the same nozzles did not lead 
to obstruction when all other conditions remained the same. The only difference between the 
nitrogen and sCO2 injections was the type of gas injected and the resulting reaction, or not, with 
sodium. 
                                                                 

 
Figure 12: Cartoon depicting theory for solid reaction product buildup at the injection nozzle which resulted 
in obstruction and substantial decrease or stoppage of flow. 

 
Periodically, partial spall-off of the reaction products could have occurred and the buildup 
process restarted.  When the rate of solid reaction product buildup exceeded the flow of sCO2, 
this accumulation completely obstructed the flow path.  Based on the flowmeter data and 
acoustic leak detection data, discussed in the next section, it is estimated that complete flow 
obstruction occurred on the order of 1 minute for the two tests.  The determination of the exact 
time of blockage was not possible due to the transient nature of the first few minutes of sCO2 
injection in these tests.  After the sCO2 injection valve was opened, several meters length of 6.36 
mm inner diameter tubing between the injection valve and injection nozzle was filled and 
pressurized.  The sCO2 was heated and the entire sCO2 system was boosted to the target injection 
pressure using the gas booster which took approximately three to five minutes.  Both of the NF 
tests exhibited no measurable flow after the injection line was boosted to the target pressure in 
under five minutes.  Additionally, no increase in sodium temperature and no exhaust of CO2 or 
CO was observed during the time that CO2 was being applied to the injection nozzle, for at least 
30 minutes in both tests.  After 30 minutes, the CO2 pressure was reduced and then repressurized 
to 200 bar in an attempt to evaluate the strength of the blockage material.  There was no 
indication that any CO2 entered the sodium column during or after the repressurization phase. 
 
The lower bound for the ultimate tensile strength of the brittle solid reaction products can be 
estimated by assuming the reaction products are a circular plate with fixed edges and have a 
uniform applied load from the sCO2 back pressure [25].  The thickness of the reaction products 
was assumed to be on the order of the diameter of the nozzle since the nozzle diameter would be 
the characteristic length associated with chugging and the re-entry of liquid sodium into the 
nozzle.  For a sCO2 pressure of 200 bar, the yield strength was estimated to be greater than 1.8 
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MPa.  This estimated strength is considerably lower than the yield strength of 316 stainless steel, 
290 MPa [26], and comparable to conventional concrete, ~2-5 MPa [27]. Based on this analysis, 
it is plausible that the reaction products could have accumulated in the nozzle and stopped the 
flow of sCO2. 
 
Scanning electron microscopy was performed on the sodium-facing side of the nozzle before and 
after the NF1 experiment, as shown in Figure 13.  The diameter of the exhaust side of the nozzle, 
approximately Ø145 μm, is larger than the injector side facing the high-pressure sCO2, which 
was Ø71 μm since the injector itself is shaped like an elongated horn.  While the nozzle was 
clean prior to the sCO2-sodium test, there was a very obvious and visible accumulation of solids 
inside of it after the test.  The composition of the material was 40% Na, 45% O and 13% C 
which was roughly comparable to that of Na2CO3 (43% Na, 45% O, 11% C).  Thus, we postulate 
that sodium carbonate, and other solid reaction products, quickly built up on the inside of the 
nozzle and blocked the flow of sCO2, as supported by the SEM post-test analysis. 
 

 
Figure 13: SEM images of the sodium-facing side of the NF1 injection nozzle before (left) and after (right) the 
sCO2-sodium test. 

 

4.4. Reaction energy 
 
The bulk enthalpy of reaction per mole of injected CO2 was estimated for each experiment in 
order to evaluate how experimental parameters, such as initial sodium temperature, influenced 
the reaction.  The total heat generated during the course of each experiment was found using the 
standard calorimeter calculation: 
 Δܪ = ൫ℎே௔,ଵ − ℎே௔,ଶ൯݉ே௔ (8) 
 
where ΔH, hNa,1, hNa,2 and mNa are the total heat generated, sodium enthalpy prior to injection, 
sodium enthalpy at highest average bulk temperature during injection and mass of sodium in test 
vessel, respectively.  
 
The reaction energy was then calculated by dividing the total heat generated during the course of 
the experiment by the total moles of CO2 injected: 
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 R = ΔH/ܯେ୓ଶ (9) 
 
where R and MCO2 are the reaction energy and moles of CO2, respectively. 
 
The reaction energy as a function of initial sodium temperature was estimated for each 
experiment and plotted in Figure 14.  The reaction rate should follow the Arrenhius model, 
k∝e(1/T).  Assuming that flow of CO2 from the injection point to the free surface contacted the 
same amount of sodium in each experiment, a very rough approximation, then the reaction rate 
would govern the observed reaction energy.  Thus, a best fit line using the Arrenhius formulation 
was plotted in Figure 14.  While the data for the sustained sCO2 injection tests was rather 
scattered, there was a rough trend consistent with the Arrenhius formula.  Note that the two 
experiments denoted by red circles represent the initial sodium temperatures for the two 
experiments that exhibited immediate flow stoppage due to the reaction product buildup at the 
injection site. Since no bulk sodium temperature increase was observed during these 
experiments, the reaction energy was listed as 0 kJ/molCO2.  A horizontal line denotes a possible 
temperature threshold where the reaction rate could potentially be so rapid that the solid reaction 
product buildup rate allowed for the flow stoppage. More likely, this temperature threshold 
would be a temperature range dependent on nozzle size, CO2 flow rate, sodium flowrate, etc.   
 
While the authors recognize that Figure 14 has a number of coarse assumptions embedded in it, 
it was included in this article as a concise way of displaying the primary observations made over 
the course of the sCO2-sodium reaction experiments, namely the exothermic reaction and the 
production of solid reaction products that resulted in flow stoppage for two experiments. 
Additional experiments, especially in the temperature range where flow stoppage was observed 
would add more credibility and certainty to this figure and it was anticipated that future 
experiments may substantially change the conclusions displayed. Based on previous research 
noted in Section 2, there were possibly two different rate constants for the two temperature 
regimes noted in the sCO2-sodium reaction.  Since the second temperature regime begins above 
500 °C, according to Gicquel et al. [7], only a single rate constant was assumed in the Arrenhius 
plot of Figure 14 since all experiments were below 500 °C. 
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Figure 14: Reaction energy versus initial sodium temperature for all sCO2-sodium experiments performed 
with the SNAKE apparatus to-date. 

 

4.5. Leak detection 
 
Acoustic measurements were obtained during several sCO2-sodium tests using a WSα wide-band 
acoustic emission sensor discussed in Section 3.2.  These acoustic measurements were obtained 
during the transient switch-over from inert, low-pressure, argon injection to inert high-pressure 
nitrogen injection and reactive, high-pressure sCO2 injection. Acoustic measurements were also 
obtained during steady state injections. 
 
A background recording was obtained with a no flow condition prior to sodium filling, but with 
nearly all other equipment operating at conditions similar to that of injection tests that followed.  
The power spectral density (PSD) estimates, χw, of the raw signals were whitened [28] by 
dividing by the PSD of the background acoustic recording, χ0, at each frequency, fj: 
 
 ߯௪൫ ௝݂൯ = ߯൫ ௝݂൯߯଴൫ ௝݂൯  (10) 

 
The acoustic power, PM, or acoustic energy, measured was obtained by summing over the 
whitened PSD: 
  
 ெܲ = ෍߯௪൫ ௝݂൯௝   (11) 
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The acoustic power was determined as a function of time by summing over the whitened PSD at 
each time, every 1/20 sec. 
 
The acoustic power recorded for five different gas injections into the SNAKE facility with 
similar configurations are presented in Figure 15: 
 

(1) (Orange diamond) Initial transient of nonreacting (inert) nitrogen injected into liquid 
sodium at 500 °C (SC geometry); 

(2) (Blue square) Initial transient of nonreacting sCO2 injected into argon gas (SC 
geometry with no sodium); 

(3) (Yellow circle) Initial transient of reacting sCO2 injected into liquid sodium at 500 °C 
where the flow of gas was obstructed immediately (NF2 open pool test); 

(4) (Purple star) Initial transient of reacting sCO2 injected into liquid sodium at 330 °C 
where the flow of gas was sustained (SC test); 

(5) (Green triangle) Steady state data of reacting sCO2 injected into liquid sodium at 330 
°C where the flow of gas was sustained (SC test). 

 
For all of the transient cases, prior to time zero there was a low-pressure, low-flow rate (~90 
g/hr) of argon flowing through the nozzle which was switched via a valve opening to high-
pressure gas injection at time zero. 
  

 
Figure 15: Comparison of transient acoustic energy behavior of various gas jets into sodium. 

 
The nonreacting nitrogen injection into liquid sodium (1) exhibited a rapid increase in acoustic 
power within the first few seconds of injection that leveled out and was sustained indefinitely. 
 

(1) 
(2) 
(3) 
(4) 
(5) 
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The nonreacting sCO2 injection into argon gas (2) showed similar behavior with a higher 
absolute acoustic power than in the submerged nonreactive jet case.   
 
The reacting sCO2 injection test into sodium (3) where gas flow was rapidly obstructed exhibited 
an initially high absolute acoustic power shortly after injection that peaked within 25 sec and 
then was completely suppressed at time 48 sec.  The end state acoustic power was below that of 
the initial low-pressure argon injection.  Additional acoustic measurements at later times, not 
shown, indicated the same low levels of acoustic power with no changes after 48 sec.  This data 
was used to postulate that the injector nozzle was fully obstructed by solid reaction products by 
48 sec after injection during the NF2 open pool test.  No acoustic recordings were taken during 
the NF1 open pool test. 
 
The final two plots were for the SC reacting sCO2 injection test into sodium where gas flow was 
sustained for 0.56 hr.  The acoustic power of the initial transient injection (4) initially followed 
similar behavior as the other transients as the acoustic power rapidly increased; however, the 
acoustic power was abruptly suppressed after 7.3 sec, dropping below that of the initial low-
pressure argon injection.  This was a surprising measurement since all previous high-pressure gas 
injections resulted in increasing in acoustic power.  For this test, high-pressure sCO2 flow clearly 
continued, as discussed above for the SC test in Section 4.1.  The noise suppression of this 
reactive jet could be due to the formation of the foam reaction products or accumulation of small 
bubbles that attached to the solid reaction products.  Foams and bubbles are known to be 
excellent sound absorbers at the frequencies measured here [29].  The DBHE channel provided 
more surface near the nozzle for accumulation of reaction product foam and gas bubbles in 
contrast to previous open pool configuration tests.  While the baseline acoustic power remained 
very low after 7.3 sec, the transient injection plot and the final plot that shows the acoustic power 
12 minutes into the injection both exhibited periodic bursts of high acoustic power.  These bursts 
could have occurred when a portion of the foam surrounding the injector broke off which 
allowed the acoustic energy to be transmitted all the way to the acoustic sensor.  Alternatively, a 
bursting bubble of gas at the free surface could have been responsible for the measured increase 
in acoustic energy.  The authors note that the observed bursts are significantly larger than 
background noise, by at least an order of magnitude in most cases. 
 
The exact source of the burst of acoustic energy could not be determined with the information 
available but should be continued to be investigated since it is of high interest to demonstrate 
reliable detection of gas leaks into sodium in the event of a DBHE failure.  The data discussed 
above demonstrate that it could be feasible to develop an acoustic sensor system to reliably 
detect inert gas leaks into sodium.  Those leaks release a large amount of acoustic energy over 
the complete duration of the leak.  Thus, acoustic sampling rates would only need to be such that 
the safety countermeasures would be activated in time to save other equipment and prevent 
further consequences.  However, the data discussed above suggest that using acoustic systems to 
detect reacting sCO2-sodium leaks may be more challenging for two reasons:  
 

1. Rapid obstruction of the leak site by the solid reaction products would stop the flow of 
gas and increase the requirements for acoustic sampling rates and sensitivities.   
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2. Potential suppression of the acoustic energy by the solid-reaction product foam or some 
other phenomena would increase the requirements for acoustic sampling rates and be 
difficult to clearly identify brief bursts from the leak compared with background noise. 

 
In the case of sustained reacting flow there would be additional signals that could potentially be 
used to quickly identify a possible leak such as an increase in pressure, CO content and 
temperature on the sodium side.  It would be advantageous to identify a leak site that quickly 
obstructs since such a failure could be an early indicator that the heat exchanger has serious 
structural problems that could soon result in a more catastrophic failure mode. 
 
5. SUMMARY 
 
Thus far, the Argonne work’s primary observations regarding the sodium-sCO2 interactions are: 
 

1. The consequences of a sCO2-sodium leak were noted to be small when compared with a 
sodium-steam leak for several reasons.  The sCO2-sodium reaction was about half as 
exothermic per gram of injected gas when compared with the sodium-steam reaction.  In 
an SFR, the sCO2-sodium reaction would impart a significantly lower pressure surge to 
the intermediate heat transport system as the sodium-steam reaction.  CO2 would be 
largely converted into high-density solids whereas steam would be converted into low-
density hydrogen.  The production of hydrogen in a steam leak is a combustion/explosion 
hazard whereas the production of CO is primarily a toxicity and asphyxiation hazard with 
an explosive concentration threshold significantly higher (> 12.5%) than hydrogen (> 
4%), although CO is also combustible.  The lower diffusivity of CO compared with 
hydrogen does make it more likely that CO will remain in contact with Na for long 
enough to react and must be considered in assessing the overall impact of the sCO2-
sodium reaction. 

2. At low-to moderate temperatures, below SFR operating temperatures, the reaction 
primarily consists of the production of small amounts of carbon monoxide, and large 
amounts of agglomerated porous solids (sodium carbonate, sodium oxide, and carbon) in 
the form of an agglomerated porous foam.  The reaction products are not highly corrosive 
as is the sodium hydroxide formed from the sodium-steam reaction.   

3. At high temperatures, near the upper end of SFR operating conditions, the reaction is so 
rapid that the injection nozzle (simulated leak site) was observed to self-plug within 
seconds in two tests.  The solid reaction products stuck to the nozzle and completely 
obstructed the sCO2 leak. 

 
In parallel to the study of sCO2-sodium interactions, an effort was made to build a capability to 
detect small leaks in a sCO2-sodium heat exchanger.  A passive acoustic sensing technique was 
selected and successfully demonstrated that it was plausible to measure and detect small sCO2 
leaks into sodium.  However, rapid obstruction of the leak site by production of solid reaction 
products and production of reaction product foam structures that suppress acoustic energy may 
make this detection method challenging to implement with the confidence needed to protect 
critical SFR components especially the sodium-to-CO2 heat exchangers.  
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Several additional sCO2-sodium interaction experiments are necessary in order to solidify our 
understanding of the consequences of a postulated sCO2 leak into the intermediate sodium loop 
of an SFR, particularly at intermediate SFR operating temperatures to better understand the 
phenomena related to solid reaction product blockage of the leak site. 
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