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Steady-State Irradiation of Characterized Instruments for Nuclear

Thermal Rockets Using In-Pile Experiment Apparatus

The development of nuclear rocket technology is critical for further exploration
of extra-terrestrial bodies. Nuclear rockets can provide various advantages over
current chemical rockets. However, the harsh environment provides several
challenges regarding instrument performance. Temperature extremes, radiation
(reactor and space), and the inability to conduct traditional maintenance activities
can lead to severe degradation in instrument performance. To better understand
the effects of radiation on instrumentation, an irradiation campaign has been
designed to test a set of instruments provided by a collaborator in the aerospace
industry. Details concerning instrument performance before and after irradiation
are provided to allow for an analysis of the tested instruments. Additionally, the

design of the irradiation test is described in detail.
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l. Introduction

Nuclear thermal propulsion produces severe environments and requires accurate
measurements over extended periods of time. Exposure to hot hydrogen, temperatures
greater than 2000°C, and long-term exposure to nuclear and space radiation are some of
the environmental conditions within the system. There is also limited opportunity for
maintenance, and calibration drift can prove disastrous for mission success.
Additionally, the instrumentation must maintain performance capabilities and
functionality after long exposures to nuclear radiation. Although the total exposure

varies according to installation location, historical documents indicate a possible range
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of 10*to 102 # over the mission lifetime [1, 2]. Therefore, the performance of
instrumentation when exposed to extreme temperatures and radiation requires
evaluation.

The potential exposure to large neutron fluences is a significant concern because
of its potential to dramatically alter instrument performance. An example of this is the
tungsten-rhenium thermocouples that have been implemented in previous investigations
of nuclear thermal rocket systems [3]. One study from this era of nuclear rocket
research showed the effects of transmutation and inhomogeneity that can occur in the

thermoelements [4]. Furthermore, tungsten-rhenium based thermocouples have been

investigated in various nuclear environments for high temperature application and are

generally considered unsuitable for fluence levels >10%° # [5-8]. However, this

information is not specific to the exact conditions that will be present in a nuclear
thermal rocket (NTR). Temperature cycling, ~20 s ramps to full power (~2,100°C), and
exposure to flowing hydrogen are hazardous conditions for instrument performance [3,
9]. Furthermore, the currently available information is not adequate regarding the
instrumentation for all process measurements. To this end, the evaluation of
instrumentation in prototypical NTR environments is required to further the current
knowledge on the degradation effects of radiation of instrumentation.

As the impetus of this research is nuclear rocket technology, the first series of
instruments to be investigated are implemented in standard rocket tests. Aerojet
Rocketdyne provided several instruments that have been implemented in a rocket test
stand experiment. These instruments consist of two Taber Industries 217 pressure and
two 206 pressure transducers, one OMEGA Engineering FMA-A2323 flowmeter, and

two Rosemount Aerospace model 176-AV resistance temperature detectors (RTDs). As
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there are multiple pressure and temperature instruments and limited space within the
irradiation facility, a single instrument of each model was tested.

Because some of the instruments were older, each has undergone a
characterization study to ensure their performance characteristics. This ensured more
accurate comparisons of post-irradiation data. The pressure transducers and flowmeter
were characterized via a simple air flow path composed of reference instrumentation, a
manual pressure regulator, a mass flow controller, and a 90 psig pressure supply. Each
instrument provides a voltage output that is recorded using a MCC USB-2408 DAQ
(~0.6uV resolution) in conjunction with NI LABView. The manual regulator was
operated to provide step changes of 10 psig starting at atmospheric pressure to
characterize the pressure transducers. Data were collected at each step until reaching the
maximum pressure of the supply. The pressure was then decreased in similar steps with
the output of the instrument being recorded. This process is repeated three times to
provide a satisfactory amount of data. The flowmeters undergo a similar process with
the pressure held at a constant value. The mass flow controller was controlled with an
analog reference signal to provide a ramp change from the minimum point, midpoint,
and maximum point of the controller’s range.

The RTD undertest required a modified testing apparatus to properly control
temperature and ensure that the reference instrument and the instrument under test were
exposed to the same temperature. This investigation used three relatively stable
temperature points to evaluate the signal from the instrument. These points consist of
the freezing point of water, room temperature, and the boiling point of water. At each
point, the reference instrument and the instrument under test were allowed to reach a

steady condition before data were collected.



Il. RESULTS

I1.A. Benchtop Characterization

I1.A.1. Flowmeter Characterization

The flowmeter under test (OMEGA Engineering FMA-A2323) uses a standard
0-5 V output with a measurement range of 1-100 litres per minute (LPM). The
instrument performed as expected, with minimal deviation from reported values in
existing documentation. This can be seen best through a comparison of some of the
calibration coefficients, as seen in Table I. The calibration coefficients are computed
using a least squares regression relating the voltage output of the instrument to the
indicated flow of the mass flow controller. Although the difference between the values
seems minimal, it is important to characterize the instrument and apply the computed
coefficients. Furthermore, Figure 1 provides the data used to compute the calibration

coefficients and a comparison to the reported relationship.

Table 1. Comparison of calibration coefficients of FMA-A2323

Source Slope (LPM/V) Bias (LPM)

Reported 20 0

Computed 21.38 0.743
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Figure 1: Converted voltage data using the original (left) and computed (right) calibration coefficients.

I1.A.2. Resistance Thermometer Characterization

The temperature instrument provided is a platinum RTD that has a nominal
resistance of 500 Q and a measurement range of —18 to 93°C. Generally, front-end
electronics are required to convert the resistance change into a voltage or current signal.
This model does not require additional electronics because a specialized circuit is
embedded in the head of the RTD, allowing for a 10 V power supply and a simple data
acquisition system (DAQ) to be implemented in temperature measurements.

According to available information, the sensitivity of the instrument is 4 mV/V to
provide an output range of 0—40 mV when provided 10 V for power [10]. The current
calibration curve for the instrument is determined by the rudimentary calibration setup.
The output voltage of the instrument is measured in an ice bath, at stable room
temperature, and at the boiling point of water. Exact temperatures are determined using
a calibrated Pt-100 Q RTD that conformed to the Class A accuracy stated in
International Electrotechnical Commission (IEC) Standard 60751 [11]. A least square
regression using the voltage and reference temperature measurement provides the

calibration coefficients.



Figure 2 provides the visual representation of the data collected during the initial
characterization of the RTD. The coefficients computed from the least square regression
can be seen in Table 2. The use of these coefficients provides a root mean square error
+0.117, and there has been limited deviation from the initial calibration of the
instrument. At 0°C, the drift of the instrument is approximately -0.34°C from the
initially reported measurement relationship. This indicates that the instrument has good
stability regarding the advanced age of the device, which is approximately 50 years.
With this information, the instrument can be implemented in irradiation tests with
adequate knowledge regarding its operation.
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Figure 2. Measured temperature from test RTD vs. reference temperature.

Table 11. Comparison of calibration coefficients of 176-AV RTD

Source Slope (°C/V) Bias (°C)

Reported 2,775 -18

Computed 2,773 -17.6




11.LA.3. Pressure Transducer Characterization

The pressure transducers are designed to provide a voltage signal of 30 mV at
the high end of their measurement range when supplied 10 V. The selected pressure
instruments are the collaborator-provided Taber Industries model 206 with a
measurement range of 0-1,500 psig, and model 217 with a measurement range of 0-100
psig. (For simplicity, these instruments are referred to as S206 and S217, respectively.)
Both instruments are bonded strain-gauge-type transducers that implement a steel
diaphragm to separate the internal mechanisms from the process. Figure 3 shows the
characteristic curve of the pressure transducers under test, and Table 3 provides the

calibration coefficients of the transducers.
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Figure 3. Pressure transducer signal output relationship with pressure.



Table 111. Comparison of calibration coefficients of the Pressure Transducers

Source Slope (psig/V) Bias (psig)
Reported: S206 50,000 0
Computed: S206 47,484 -2.895
Reported: S217 3,333 0
Computed: S217 3,237 1.385

As shown in Figure 3, the transducers have some variance in signal output,
although the pressure is held constant. The variation in signal output is produced by
electrical noise on the instrument cables. To determine the source of the noise, it is
critical to apply a transformation of the data from the time domain to the frequency
domain. Because of the non-stationarity of the data, a short-time Fourier transform
(STFT) is applied to allow the data to be properly transformed. A significant
concentration in signal power is present at ~60 Hz, which is likely induced by the power
supply as a result of the ripple that is left in the rectification of the AC source to a DC
source for the instrument. Furthermore, this can be explained by the circuitry
implemented in the generation of the transducer signal output. A bridge circuit is
implemented to produce the voltage signal that is induced by the changes in the
resistance of the gauges and the imbalance in the bridge this creates. Furthermore, the
power and signal ground provided by the transducer are the same, making the
instruments susceptible to common-mode noise from the power supply. Low-pass filters
or instrumentation amplifiers could be used to remove the noise from the signals.
However, it is not necessary regarding the objective of instrument characterization, and

the instruments are verified to go forward with irradiation testing.



I11.B Irradiation Test Plan

[1.B.1. Flowmeter and High Temperature Irradiation

Instrument irradiation was performed at the Ohio State University Research
Center (OSURR) over two irradiation time periods to accommodate the large number of
instruments. To inform safe handling and shipping of the irradiated experiments, a
neutron activation analysis was performed using the Monte Carlo N-Particle (MCNP)
and Oak Ridge Isotope Generation (ORIGEN) codes. The stainless-steel components
that make up the power ConFlat (CF) flange passthrough, thermocouple CF flange
passthroughs, and the flowmeters were the greatest neutron activation concern in this
experiment.

Because flowmeters can interfere with measurements from the pressure
transducers, the initial test focused solely on flow measurement. The test was conducted
using helium as the process fluid at ambient temperature and pressure. This allowed the
benchtop tests to be recreated with minimal changes, including a similar process for
data collection and setpoint variation, as conducted during pre-irradiation
characterization. Figure 4 is a simple graphic showing the expected volumetric flow rate

and reactor power level over the irradiation period.
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Figure 4. Planed flow variation over the irradiation test period.

To optimize use of the OSURR, the In-Pile Experiment Set Apparatus (INSET)
was implemented during the initial test. INSET is a high temperature, in-pile, steady-
state testbed for nuclear thermal propulsion (NTP) experiments [12]. INSET served as
the furnace for the heated pressure sensor test. For the first instrument test, the
flowmeters were distanced from the heater within INSET to eliminate any heating
effects on the instruments. INSET was heated to 2,000°C during reactor operation and
maintained at this temperature for 30 min near the end of the irradiation period. The
high temperature test demonstrated that INSET can meet the need for high temperature,
steady-state, in-pile experimental testing that is not currently met for NTP interests.

This temperature requires approximately 600 W of delivered power to the
heater. This experimental performance was demonstrated during out-of-pile benchtop
testing, but irradiation impacts on the heating capability of INSET had not yet been

investigated. INSET is also being developed to accept flowing heated hydrogen gas for



in-pile and out-of-pile tests. At this writing, INSET can simulate the temperature seen in

an NTP system, and it is also being improved to simulate the hydrogen presence.

I1.B.2. Pressure Transducer and RTD Experiment

The second test implemented the pressure transducers and platinum RTDs. Both
pressure transducers were placed before the INSET heater to prevent measurement
interferences caused by increasing the temperature of the process fluid. Like the
flowmeter irradiation, the pressure within a flow path varies between established
maximum and minimum values. The temperature of the process fluid was increased in
steps and did not decrease over the irradiation period. This is illustrated in Figure 5,
which is a visual representation of the described test plan. Additionally, Figure 6

provides computer aided drawings of the placement of the instrumentation.
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Figure 5. Indication of pressure and temperature changes during the irradiation period.
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Figure 6: Computer aided drawings of the pressure test.

The temperature-level profile shown in Figure 5 was achieved by electrically heating
INSET using a maximum of 250 W. The thermal energy was carried away from the heater
by radiation heat transfer, followed by convection through flowing helium gas transported
via steel tubing to maintain the vacuum within INSET. Thermocouples located within the
heater of INSET and along the helium flow path were used to monitor the temperatures
during the test.

Furthermore, the provided irradiation test plan in Figure 5 was replicated out-of-pile
to ensure statements regarding the irradiation effects are accurate. The temperature
increases were provided by implementing a rudimentary tubing pathway with heating
tape and with INSET out-of-pile. During the replication of the irradiation test plan, the
performance of the instruments did not alter except with respect to the noise present on

the signal during the tests implementing heating tape. The implementation of the heating



tape induced a large noise signal that can be corrected via the implementation of signal

processing. Due to the differences in how the heaters are powered.

[1.B.3. Radiation Environment Comparison

The nuclear environment of the OSURR differs from historical nuclear rocket test
reactors but acts as a desirable point for initial instrument testing. While the magnitude
of the fast neutron flux is lower than that of a nuclear rocket, it provides an incremental
step to verify performance at lower fluence levels. To provide a point of comparison,
Table 1V lists the fast neutron flux and fluence requirements for the pressure transducers

and RTDs implemented in NTRs [1].

Table V. Neutron Exposure Requirements of Tested Instrumentation [1]

Instrument Fast Flux (E > 1 MeV) Fast Fluence (10-Hours)
n n
Pressure Transducer 2.2 %1012 77 % 1016
cm? — sec cm?
n n
RTD 5.14 + 1013 ———— 1.85 » 1018 —
cme — sec cm

The estimated fast neutron flux of the OSURR at the position of the 10-inch dry tube is

n

2.86 x 1011 which provides an integrated fast flux of 8.24 * 10%° CL over an 8-

cm2-sec m2

hour test period. This fluence is an order of magnitude below the pressure transducer
requirement, and three orders of magnitude below that of the RTD requirement. Due to
this, the verification of instrument performance and degradation at these neutron fluence
levels provide a basis for continued investigations of similar instruments for nuclear

rocket application.



I11. Discussion

I11.A. Results: Flow and High-Temperature

The irradiation test of the flowmeter and high-temperature test was completed on
March 10, 2021. However, the flowmeters experienced failure before the test could be
initiated. The instruments were placed next to the OSURR core on March 9 and began
to fail during a verification test of the instruments. The data from this period are
provided in Figure 7. After power was provided to the instrument for a short period of
time, the test and reference instruments experienced what appears to be a linear
degradation. This degradation was evaluated by the error signal between the controller
demand and the flowmeter being exposed to irradiation. A numerical derivative was
taken of the error signal to aid in evaluation. Figure 8 illustrates the error signal, as well
as the numerical derivative.
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Figure 7. Data collected from the flowmeters after placement near the OSURR core.
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Figure 8. Error signal evaluation of the additional reference (left) and the instrument under test (right).

From the available data and various debugging methods, most possible failure
mechanisms can be ruled out. Currently, it is believed that the instruments experienced
failure due to gamma irradiation that degraded the performance of the various electrical
components comprising its circuit board. Various investigations regarding the viability
of complementary metal oxide semiconductor (CMOS) and metal oxide semiconductor
(MOS) circuit board components indicate that commercial-off-the-shelf products can
withstand 1-100 krad before failing [13]. lonizing radiation can cause charge build up
that can damage the various components that comprise the circuitry of the instrument.
As such, exposure to the gamma radiation present from the reactor when not operating
is the probable cause of failure due to the ~0.63 krad per hour gamma flux. This gamma
flux is generated due to the decay of the radioactive products produced during reactor
operation. For nuclear application, radiation hardened electronics are critical for
instrument survivability.

The high-temperature experiment proceeded with no complications arising from the
failure of the flowmeters. However, a spike in background radiation prevented the
reactor from maintaining full power over the entire test period. After a short

investigation, the reactor returned to full power, and the temperature within INSET was



increased. At full reactor power, INSET achieved 1,227 °C and maintained this
temperature for ~15 min. The temperature was increased to ~1,427 °C for a short period
until power was removed from the system. Figure 9 provides a view of the reactor
power profile and the temperatures within INSET over the course of the test.

Additionally, this test allowed ~4 hours of full power reactor time and with an

integrated flux of 1.42 x 10'®—— and gamma exposure of ~18,093 krad.
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Figure 9. Results of the high temperature test.

I11.B. Results: Pressure Transducer and RTD

The data from the irradiation of the pressure transducers and the platinum RTD are
being evaluated to determine the cause of performance characteristic changes. Analysis

of the data regarding the RTD indicates no change in the performance of the instrument
over the irradiation period with an integrated flux of ~2.77 * 1016 # and a gamma

exposure of ~32,109 krad. However, the results of interest regarding the temperature



instrumentation are related to the thermal lag and loss that occur when the process fluid
is heated. During the test, the process fluid temperature at the outlet of INSET was
significantly higher than the RTD under test indicated. This phenomenon was also noted
during a benchtop replication of the test. The cause is likely because of the low heat
transfer of the process fluid and the tubing of the system. INSET has a small region for
heating, and most of the tubing was heated by the process fluid. This caused a
significant decrease in fluid temperature. The temperature of the heated region outlet

(measured via platinum RTD) and the test RTD can be seen in Figure 10.
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Figure 10. INSET heated outlet temperature and test RTD measurement during irradiation test.

The pressure transducers experienced a gradual shift in the electrical zero of the
instruments. Essentially, this is indicative of a change in the instruments’ bias and an
alteration of the voltage-pressure relationship that has been established for the
instrumentation. Notably, the pressure transducer with the significantly larger
measurement range (S206) experienced a more noticeable shift. Figure 11 provides the
collected data of the pressure transducer to exemplify the change in the instruments’

bias during the irradiation.
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Figure 11. Pressure measurements over the course of the irradiation.

Viewing the reactor power simultaneously with the pressure transducer

Reactor Power (kW)

measurements shows two significant shifts in the electrical zero of S206. The first being

the increased output of the instrument after the reactor achieved and maintained full

power for approximately 30 minutes. The second occurs as the reactor approaches

shutdown. As the reactor power decreases, the electrical zero appears to experience a

negative shift towards it original value. This indicates a possible relationship between

the shift and the magnitude of the neutron and gamma flux. Additionally, there is a

noticeable increase in the shift of the electrical zero during the one hour hold during the

heated portion of the irradiation test. From the heated benchtop tests, this shift was not

induced by the increase in temperature and upon comparison with Figure 10 it can be

seen that the increase in the electrical zero continues after the heating period ended. The

noticeable increase is likely a product of the long-term measurement at a stationary

value allowing the trend to be clearly presented. Furthermore, it should be noted that the

S217 instrument experienced a similar trend in the value of the electrical zero of the

instrument. However, the S217 shift is of a much lower magnitude and appears to



indicate a relationship between the measurement range of the instrument and radiation

effect.

IVV. Conclusions

The preliminary results from these experiments provide critical steps forward
regarding high temperature irradiation tests of instrumentation for nuclear rocket
investigations. These tests exemplified the application of INSET for integrated
instrumentation testing, providing information to inform the design of future
instrumentation experiments. Furthermore, the recorded instrument performance allows
for claims to be made regarding applicability of instruments commonly implemented in
standard rocket test stands for nuclear rockets. The failure of the flowmeters shows the
need for either radiation-hardened electronics or the use of a venturi meter that does not
rely on complex circuitry. This is apparent from the inability of the tested flowmeters to
survive the gamma field generated by the OSURR when it was not operating. However,
the performance of the S217 pressure transducer was favourable for implementation in
an NTR. Based on the small changes in instrument performance, the instrument appears
to be a potential candidate for use in making the desired pressure measurements but

requires additional characterization in prototypical NTR environments.
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