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ABSTRACT 

Measurements over the past few years, taking place within the Multi-Informatics for Nuclear 

Operations Scenarios project, show that infrasound and low-frequency acoustic monitoring can 

detect, and often quantify, activities that occur on-site at the High Flux Isotope Reactor. Observable 

activities include: crane translation, lifting, and lowering; differentiation between loaded and 

unloaded crane operations; access door opening and closing; vehicle operations; and cooling tower 

fan operations. Advanced data analytic and spectral feature extraction methods can be used to 

interpret selected signatures to reach a deeper understanding of different reactor activities. These 

measurements are being conducted using a network of smartphones that continuously operate in 

conjunction with cloud-based architectures. A recent addition to the system is the development and 

deployment of a real-time, cloud-based analytic framework that supports near-real-time alarming 

which can facilitate tip-and-cue protocols. This paper presents recent research in this area including 

the use of low-frequency acoustics to tip-off transfer operations and cue a more comprehensive 

analysis by other sensor networks.  

 

INTRODUCTION 

The Multi-Informatics for Nuclear Operations Scenarios (MINOS) project is a multi-laboratory 

collaboration established to characterize persistent monitoring data collected in and around the High 

Flux Isotope Reactor (HFIR) and the Radiochemical Engineering Development Center (REDC) 

located at Oak Ridge National Laboratory (ORNL) [1,2]. The general focus of MINOS is to fuse data 

collected from multiple sensing modalities and characterize operations occurring at nuclear facilities. 

HFIR provides a high flux of neutrons that are used to conduct experiments by researchers in various 

fields. Located in REDC are equipment and instrumentation used for the chemical processing of 

radioisotopes. In both facilities nuclear materials are produced and transferred, therefore they provide 

a suitable testbed for monitoring operations. 

 

In the MINOS venture, sensing devices measure electromagnetic, radiation, thermal, seismic, 

infrasound and low-frequency acoustics from nuclear operations.  Currently, the infrasound and low-

frequency acoustic sensing devices use the RedVox Infrasound Recorder mobile application and the 

built-in microphone on Samsung Galaxy S10 smartphones. At the present time there are 10 

smartphones collecting data at the ORNL testbed. Data are streamed from the RedVox application to 

the Amazon cloud then continue to a data pipeline at Lawrence Livermore National Laboratory where 

they are ultimately transferred to a web portal at Lawrence Berkeley National Laboratory.  

 

Over the last few years MINOS researchers have been able to identify nuclear reactor operations such 

as cooling tower fan speeds, vehicle movements in transfer events, reactor operational states, and 
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specific aspects of dissolution events [3-8]. Although interest continues in the characterization of 

these events, this work focuses on nuclear transfer operations. To further this research some of the 

smartphone sensing devices installed at ORNL are positioned strategically between HFIR and REDC 

to record transfer operations between the two facilities. Specific operations of interest include the 

transfer of spent fuel, Sugarman casks, and the Q-Ball radioactive material shipping cask. Typically, 

heavier material transfers include the movement of materials on a vehicle that may include a flatbed 

truck, a trailer and a flatbed truck, or a vehicle with up to 5 axles. The vehicle will drive up to a 

facility, the airlock door will open at the facility, the vehicle will drive in, and then the door will close. 

After the material is loaded onto the vehicle the airlock door will open to allow the vehicle to exit, 

then the door will close, and finally the shipment will be transferred. A more reliable picture of the 

operation of interest can be achieved by fusing data collected from disparate local sensors in contrast 

to relying on a single sensing modality. For example, in the case of a materials transfer, acoustic 

and/or seismic sensors may be able to determine the presence of a heavy truck, acoustics and/or 

electromagnetic sensors may detect the movement of a garage/airlock door, and radiation sensors may 

detect the presence of radioactive materials and the path of the transfer event. In this example, one 

sensor type may verify the operation initially determined by an alternate sensor type. 

 

This research is focused on the development of low-frequency acoustic signatures and a programmed 

algorithm that informs transfer operations. Transfers may be identified by acoustic signals generated 

from opening and closing the exterior HFIR truck airlock door. The notification of operations will 

provide time frames in which to focus further data analysis efforts. This work is intended to facilitate 

follow-up investigation using data collected by disparate local sensors and a more in-depth acoustic 

analysis as well as the potential implementation of near-real-time analysis on cloud-based platforms. 

 

EQUIPMENT AND METHODS 

During the week beginning November 11, 2019, the infrasound and low-frequency acoustic team 

recorded unplanned and directed operations at the ORNL testbed. In addition, the team video recorded 

operations time-synched to the acoustic sensing smartphones via a connection to the Global 

Positioning System. Directed operations were recorded of the exterior truck airlock door at HFIR for 

signature discovery. A video capture of the tilt-up style airlock door with a view of a truck inside the 

airlock is shown in Figure 1(a). On November 13, 2019, the team, with help from ORNL staff, 

arranged to have the exterior truck airlock door opened and closed three times. The recorded times 

and duration of these activities are listed in columns 2-4 in Table 1. 

 

The acoustic sensing smartphone, identification number 35, in nearest proximity to the exterior HFIR 

truck airlock door is located on the outside of the airlock and around the corner from the door, as 

shown in Figure 1(b). Due to its proximity, smartphone 35 is best suited for the recording and 

discovery of acoustic signals generated from the HFIR truck airlock; therefore, all graphs displayed 

in this paper are generated from smartphone 35 data. Smartphone 35 is installed in a weatherized 

enclosure, mounted 1 m from the ground, and set at an acoustic sampling rate of 800 Hz. The time 

and frequency bin widths are approximately 5 s and 0.1 Hz, respectively, for all spectrograms shown 

in this paper. A spectrogram created during the time when the directed airlock door activities took 

place, is shown in Figure 2. The spectrogram shows a series of power increases at approximately 340 

and 360 Hz.  

 



+  

Figure 1 Video capture (a) of a truck within the HFIR truck airlock shown behind a tilt-up style 

door. Acoustic sensing smartphone 35 (b) located around the corner from the exterior HFIR 

airlock door. 

Table 1 Timing and operation information corresponding to the exterior HFIR truck airlock. 

Airlock 

Operation 

Recorded 

Start Time 

(UTC) 

Recorded 

Finish Time 

(UTC) 

Recorded 

Duration 

(s) 

Notification 

Start Time 

(UTC) 

Notification 

Finish Time 

(UTC) 

Notification 

Duration 

(s) 

Exterior 

door opens 

18:57:01 18:57:27 26 18:57:01 18:57:21 20 

Exterior 

door closes 

18:57:31 18:57:56 25 18:57:21 18:57:42 20 

Exterior 

door opens 

18:58:04 18:58:29 25 18:58:06 18:58:27 20 

Exterior 

door closes 

18:58:33 18:58:59 26 18:58:26 18:58:47 20 

Exterior 

door opens 

18:59:06 18:59:32 26 18:59:10 18:59:30 20 

Exterior 

door closes 

18:59:37 19:00:01 24 18:59:30 18:59:51 20 

 

To determine the peak frequency and corresponding edge frequencies of the power increases shown 

in the spectrogram, power spectra were created for each time frame when the door was opened and 

closed. The resulting power spectra are shown in Figure 3. Figure 3(a) and Figure 3(b) show power 

curves when the airlock door was opened and closed, respectively. Both spectra a show peak, at 

approximately 360 Hz, generated when the airlock door was opened and closed. In addition, the power 

spectra show that when the airlock door is opened a smaller peak is generated at approximately 

380 Hz while a peak at approximately 340 Hz is generated when the airlock door is closed. The 

360-Hz peak amplitude and edges, determined from the power spectra, were used to program a signal 

notification algorithm. 

(a) (b) 



 

 
 

Figure 2 Spectrogram generated with data collected during known times when the HFIR 

exterior airlock door opened and closed on November 13, 2019. The white arrow points to a 

series of power increases with the initial increase beginning at approximately 18:56:59 UTC 

and the final increase ending at approximately 18:59:58 UTC. Times were determined from the 

spectrogram. 

The signal notification algorithm was written in MATLAB® and incorporates a two-sample t-test 

function that returns a decision on the equality between the distribution of two input samples. The 

input samples include frequency ranges that envelope 1) the 360-Hz peak and 2) background 

frequencies. For both samples, the frequency ranges were determined from the power spectra detailed 

in Figure 3. The 360-Hz peak has -11 to -15 dB points at 355.5 Hz and 364.6 Hz, respectively. The 

background noise incorporates frequencies slightly lower and slightly higher than the 360-Hz peak; 

the lower background frequencies range from 351.3 to 355.3 Hz and the higher frequencies range 

from 364.8 and 368.8 Hz. The background sample merges both background frequency ranges. To 

enhance the signal-to-noise, the power in these frequency ranges were squared before input into the 

t-test function. The difference between normalized squared and unsquared power values and 

background power is displayed in Figure 4. The samples in the graph result from data collected during 

the first directed opening and closing of the airlock door on November 13, 2019. The channels extend 

from channel 326 (18:57:01 UTC) to channel 333 (18:57:42 UTC). The power in the graph is 

normalized to the smallest power in the background sample and shows that the ratio of the mean 

power between the background and the 360-Hz peak increases by a minimum of 2 times and a 

maximum of 30 times when the samples are squared. In addition, the t-test function includes options 

that specify that the mean of the 360-Hz peak must be larger than the mean of the background to a 

significance level of 5%.  Furthermore, for a signal to notify, the power increase must persist for 

between 19 and 27 s to include the length of time it takes to open or close the airlock door. This length 

of time was determined from the recorded duration listed in Table 1 and from the video recorded 

during the directed airlock door activities. Due to the time length and the approximate 5 s time bins, 

the notification time length remains at 20 s for all events identified in this research. 

 



 

 
Figure 3 Power spectra showing peaks generated when the HFIR airlock door was opened (a) 

and closed (b). The background (⎯) includes data that starts 15 s before the initial airlock door 

operation and continues for 10 s. Signal curves include 20 s of data from the start of each airlock 

door operation. 

For transfer events it is likely that two signals will occur; one shortly after the other. A repeated signal 

would signify that the airlock door opened, a truck either entered or exited the airlock, and finally the 

airlock door closed. This signature of a repeated signals has not been implemented into the algorithm, 

but can be used for verification of airlock door operations. 

 

ANALYSIS AND RESULTS 

The notification algorithm was initially implemented on the directed airlock door activities on 

November 13, 2019. The results of the algorithm are listed in the last three columns in Table 1. The 

time differences between the recorded time and the discovered time range between 0 and 14 s. 

Modifications to the algorithm related to time lengths and bin widths may be required to minimize 

inconsistencies in the discovered times.  Additional testing of the notification algorithm was 

performed on dates when either there were known times when the airlock door was opened/closed or 

when there were known potential times when the door was opened/closed. 

 

An example of known HFIR truck airlock door activities occurred on November 12, 2019 when the 

acoustic team observed the exterior airlock opening, a truck exiting the airlock, and the exterior 

airlock door closing. These events occurred one after another to facilitate shipment of a used HFIR 

reactor core to the Savannah River Site. Table 2, columns 2-4, list recorded times observed by the 

team. The algorithm was implemented on data recorded from approximately 17:00 to 19:30 UTC. 

The algorithm found three instances where power was increased at approximately 360 Hz, as listed 

in the last three columns of  Table 2. Spectrograms that include the time frame when the HFIR airlock 

door was known to have opened and closed are displayed in Figure 5. Figure 5(a) shows two 

notification signals that were not observed by the team and Figure 5(b) shows a notification signal 

that falls within the time range when the team observed the airlock door closing. In addition, a power 

increase at 340 Hz is visible in Figure 5(a) and was verified in a power spectrum. This would indicate 

that the exterior HFIR truck airlock door closed during the notified time from 17:46:02 to 17:46:21 
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UTC, however, a 380 Hz power increase was not observed between 17:42:33 and 17:42:54 UTC. 

Although a 380-Hz peak was not generated, the notification signals do occur in succession within a 

short period of time suggesting the opening and closing of the airlock door. Verification is necessary 

through analysis from other sensing modalities. Figure 5(b) shows two power increases at 360 Hz, 

however, the first power increase was not found by the notification algorithm. The algorithm failed 

at finding the first power increase due to noise at the lower edge of the 360-Hz peak. The succession 

in short time that occurs by these signals may be an indicator of the opening and closing of the HFIR 

airlock door. 

 

 
Figure 4 Normalized squared notification signal (■), squared background (♦), unsquared 

notification signal (▲), and unsquared background (•) power as a function of channel.  

Dates of known potential times when the HFIR truck airlock door operated were provided by the 

MINOS team. An example of a known potential operation was the preparation of spent fuel for 

shipment on January 27, 2020. The algorithm was implemented and found three notification signals 

in the hour between approximately 11:00 to 12:00 UTC, as displayed in Figure 6(a). Notification 

signals were discovered at 11:00:31, 11:04:00, and 11:04:20 UTC. Spectra show an increase in power 

at approximately 340 Hz for the first and third time frames indicating a door closure. Furthermore, 

while the second notification signal does not show a power increase at 380 Hz, the second and third 

notification signals occur in succession over a short time indicating the pattern of an opened and then 

closed exterior airlock door. The algorithm also discovered 26 notification signals in succession 

during the hour beginning at approximately 21:30, as displayed in Figure 6(b). These false positive 

notifications do not match the pattern of the two power increases occurring in short succession and 

likely were not generated from the HFIR truck airlock door opening and closing. In addition, the 26 

notification signals do not show power increases at 340 or 380 Hz. If signals such as these were to be 

found in near-real-time, additional analysis from acoustic or other local sensors would be required to 

validate the false positive notifications.  

 

 

 



Table 2 Times recorded when a truck exited the HFIR airlock on November 12, 2019. 

Airlock 

Operation 

Recorded 

Start Time 

(UTC) 

Recorded 

Finish 

Time 

(UTC) 

Recorded 

Duration 

(s) 

Notification 

Start Time 

(UTC) 

Notification 

Finish Time 

(UTC) 

Notification 

Duration 

(s) 

Exterior 

door opens 

18:52:34 18:53:00 26 No 

notification 

No  

notification 

 

Exterior 

door closes 

18:53:23 18:53:48 25 18:53:26 18:53:46 20 

360-Hz 

peak found 

Not  

observed 

Not 

observed 

 17:42:33 17:42:54 20 

360-Hz 

peak found 

Not  

observed 

Not 

observed 

 17:46:02 17:46:21 20 

 

 
Figure 5 Spectrograms that include known times when the exterior HFIR truck airlock door 

opened and closed on November 12, 2019. The white arrows point to notification signals. 

An additional example of potential known airlock door activities occurred on January 14, 2020 when 

a Sugarman cask was transferred from the HFIR facility and detected by radiation sensors between 

14:42 and 14:46 UTC. The transfer would have occurred before detection from local radiation 

sensors; therefore, a spectrogram showing data from 14:00 to 15:00 UTC was examined and is shown 

in Figure 7. Four signals were discovered by the notification algorithm beginning at 14:22:29, 

14:23:03, 14:35:43, and 14:36:03 UTC. Power increases at 340 or 380 Hz were not observed, 

however, power increases in the first and second signals as a pair, and third and fourth signals as a 

pair, do occur in succession in a short period of time. This pattern may indicate operation of the 

airlock door opening and closing. 

 

(a) (b) 



 

 
Figure 6 Spectrograms generated from data collected on January 27, 2020 from approximately 

11:00 to 12:00 UTC (a) and 21:30 to 22:30 UTC (b). The white arrows point to notification 

signals. 

 

 
Figure 7 Spectrogram showing notification signals indicated by white arrows. 

The notification algorithm was tested on several other dates of potential airlock door activities and 

successfully discovered signals that match the pattern of signals occurring in succession within 

several seconds of one another. Validation is required by other local sensors to determine whether the 

signals were generated from HFIR airlock door activities. 

 

SUMMARY AND FUTURE WORK 

Initial work has shown success using a two-sample t-test in conjunction with timing analysis to 

discriminate signals that are similar in duration and power to those generated when the HFIR truck 

airlock door opens and closes. The notification algorithm has been implemented on data collected 

during known times when the airlock door opened and closed and discovered characteristic signals. 

Furthermore, the algorithm was tested and successfully found characteristic signals from data 

collected when there was potential for airlock door activity. The algorithm fails when noise is 

increased around the 360-Hz peak and produces false positive notifications when signals occur within 

(a) (b) 



one-time bin of one another and over many time bins. These limitations can be overcome through 

further analysis from acoustic or other local sensors and possibly through future modifications of the 

notification algorithm. 

 

Additional testing on collected data is required to verify the reliability of the programmed notification 

algorithm. Validation from other local sensors is also necessary to determine if characteristic signals 

were generated from airlock door activities. Once testing and modifications are complete, additional 

programming is required to execute the notification algorithm in near-real-time on a cloud-based 

platform. The discovery of signals at 360 Hz cues further investigation from disparate local sensors 

aiding in the overall goal of MINOS; to use data from multiple sensing modalities to characterize 

events occurring at HFIR. 
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