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for the accuracy, completeness, or usefulness of any information, apparatus, product, or process dis-
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wise, does not necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof. The views and opinions of authors expressed
herein do not necessarily state or reflect those of the United States Government or any agency
thereof.



ABSTRACT

The High Temperature Gas-Cooled Reactor (HTGR) development efforts in the U.S., conducted under
the auspices of the United States Department of Energy, are currently concentrated on scaling and
adapting the technology that has been demonstrated in the Fort St. Vrain HTGR (840 thermal
Megawatts, 330 electric Megawatts) to a larger 2240 MW (thermal) HTGR that can be utilized for
all-electric generation [approximately 860 MW(e)], or for a combination of process steam and electric
cogeneration. The reactor instrumentation for this larger reactor makes significant use of the op-
erating experience obtained at Fort St. Vrain (FSV), which first generated electricity in December,
1976.

The reactor instrumentation system for the 2240 MW(t) HTGR includes ex-core neutron detectors
for automatic nuclear power control, separate ex-core neutron detectors for automatic protection
purposes (reactor trip), reactor core outlet thermocouples that measure the temperature of the
primary coolant (helium) as it exits the nuclear core, cold helium thermocouples that measure the
temperature of the primary coolant as it enters the core, external pressure differential gages that
measure primary coolant flow, in-core fission chambers that are utilized to map neutron flux, and
ex-core primary coolant moisture monitors. All of these subsystems, except for the in-core flux
mapping units, are also part of the FSV HTGR, which has provided significant experience for the
design of the new system.

In-core flux mapping is not necessary at FSV for normal operation because its relatively small core
is fairly "visible" from the location of the ex-core instruments. However, temporary in-core fission
couples, microphones, and displacement sensors, as well as sensitive ex-core accelerometers were
utilized to identify periodic core block lateral movement and measure neutron flux and primary
coolant temperatures.

A search for in-core sensors to facilitate mapping neutron flux distributions in the larger core of
the 2240 MW(t) HTGR has led to the selection of a high temperature fission chamber, which has
been tested up to 1000°C at General Atomic. The chamber shows adequate signal to noise ratio and
repeatability.

Other reactor instruments planned for the 2240 MW(t) are of the FSV type (i.e., thermocouples) or
improved versions of the FSV design (i.e., moisture monitors). New concepts such as acoustic ther-
mometers are also being considered.
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SUMMARY

This paper presents the recent evolution of the HTGR core and primary coolant instrumentation
technology in the United States. It covers nuclear instrumentation for heat balance and general
performance calculations, moisture monitors, and special purpose core instrumentation.

The High Temperature Gas-Cooled Reactor (HTGR) development efforts in the U.S., conducted under
the auspices of the United States Department of Energy,* are currently concentrated on scaling
and adapting the technology that has been demonstrated in the Fort St. Vrain HTGR (840 thermal
Megawatts, 330 electric Megawatts) to a larger 2240 MW (thermal) HTGR that can be utilized for
all-electric generation [approximately 860 MW(e)], or for a combination of process steam and electric
cogeneration. The reactor instrumentation for this larger reactor makes significant use of the op-
erating experience obtained at Fort St. Vrain (FSV), which first generated electricity in December,
1976.

The reactor instrumentation system for the 2240 MW(t) HTGR includes ex-core neutron detectors
for automatic nuclear power control, separate ex-core neutron detectors for automatic protection
purposes (reactor trip), reactor core outlet thermocouples that measure the temperature of the
primary coolant (helium) as it exits the nuclear core, cold helium thermocouples that measure the
temperature of the primary coolant before it enters the core, external pressure differential gages
that measure primary coolant flow, in-core fission chambers that are utilized to map neutron flux,
and ex-core primary flow, in-core fission chambers that are utilized to map neutron flux, and ex-
core primary coolant moieture monitors. All of these subsystems, except for the in-core flux mapping
units, are also part of the FSV HTGR, which has provided significant experience for the design of
the new systems.

In-core flux mapping is not necessary at FSV for normal operation because its relatively small core
is fairly "visible" from the location of the ex-core instruments. However, temporary in-core fission
couples, microphones, and displacement sensors, as well as sensitive ex-core accelerometers were
utilized to identify periodic core block lateral movement and measure neutron flux and primary
coolr.nt temperatures.

A sea:"h for in-core sensors to facilitate mapping neutron flux distributions in the larger core of
the 2240 MW(t) HTGR has led to the selection of a high temperature fission chamber, which has
been tested up to 1000°C at General Atomic. The chamber shows adequate signal to noise ratio and
sensitivity.

Other reactor instruments planned for the 2240 MW(t) are of the FSV type (i.e., thermocouples) or
improved versions of the FSV design (i.e., moisture monitors). New concepts such as acoustic ther-
mometers are also being considered.

•Work performed under Contract No. DE-AT03-76ET35301.



1.0 INTRODUCTION

The High Temperature Gas-Cooled Reactor (HTGR) program in the U.S.A. is currently focused on
the development of a steam cycle 2240 MW (thermal) megawatt reactor that can be utilized for all
electric generation [approximately 860 MW(e)], or for a combination of process steam and electric
co-generation. Figure 1 illustrates the arrangement of the reactor, which produces steam at 17.32
MPa (2515 psia) and 540°C (1005°F).

The reactor core is composed of hexagonally shaped fuel elements approximately 35.5 cm (14 in.)
across the flats by 78.74 cm (31 in.) high. The fuel, in the form of short rods of coated fissile and
fertile particles, is located in axial blind holes in the fuel elements.

The primary coolant system contains helium at a constant inventory and consists of four parallel
cooling loops. Each loop contains a steam generator, a variable speed electrically driven circulator,
and a loop shutoff valve assembly, all housed in a 31 m (102 ft) diameter, 27 m (89 ft) high prestressed
concrete reactor vessel (PCRV). The nuclear core is common to all four loops. The primary coolant
is circulated around the primary system by the circulators, and transfers heat from the core to the
steam generators.

The flow of helium is downward through the cooling channels of the fuel elements. It exits the core
into the lower plenum cavity. The flow then splits and proceeds via the lower cross ducts to the
steam generators. After leaving the steam generators, the helium coolant flow is directed to the
circulators, which return the flow to the upper core cavity plenum, thus completing the loop.

The conceptual design of the instrumentation systems for the nuclear core and primary coolant
loops of the 2240 MW(t) HTGR is based on design criteria that are similar to those utilized in the
design of the 840 MW(t) [330 MW(e)] Fort St. Vrain (FSV) HTGR, which first generated electricity
in December, 1976 in Colorado, U.S.A. Basically, the generation of power is measured directly by
the use of nuclear instrumentation, and indirectly by the use of flow and temperature instrumen-
tation that permits the calculation of power via heat balances. The difference between the FSV and
the 2240 MW(t) HTGR's that has the greatest impact on the design of the nuclear instrumentation
is the size of the core. The smaller FSV core is more visible from ex-core instrumentation and,
therefore, requires less instrumentation in the primary coolant environment. Both reactors require
instrumentation for power regulation during normal operation and for the detection of abnormal
power level conditions that require automatic protective action.

2.0 NUCLEAR INSTRUMENTATION

2.1 Ex-Core Instrumentation

Total nuclear power in the 2240 MW(t) HTGR is measured by six neutron flux detectors evenly
distributed around the nuclear core. They are located in vertical wells imbedded in the PCRV,
immediately behind the steel liner of the vessel. The detectors are inserted vertically from the top
of the PCRV and positioned at the horizontal mid-plane of the core. The outputs of the six detectors
are averaged electronically to produce the measurement of total nuclear power. During normal
o; .ration, nuclear power measured in this manner is regulated by an electronic nuclear power
controller that manipulates banks of neutronically "grey" rods.

In each of the six same vertical wells, there are two more similar but electronically independent
neutron detectors utilized to detect abnormally high power levels by the safety instrumentation
systems. These system limit reactivity by generating withdrawal prohibit or insertion signals for
neutronically "black" control rods upon detecting a high power condition or a rapid power increase.
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Fig. 1. 22Jfi MW(t) HTGR reactor arrangement

The ex-core neutron detectors are dual range fission chambers with about 1.2 gms of enriched U235,
similar to those used at FSV. They have an upper flux range of 105 to 1010 n/cm2-sec, a neutron
sensitivity of 1.5 x 10'13 Amps/nv, and a gamma sensitivity of 2 x 10"n amps per R/hr. They are
rated at 300°C, although the temperature they are exposed to is considerably lower than that due
to the cooling effects of the concrete and liner cooling system. They are about 8-1/4 cm (3-1/4 in.)
in diameter by 33-1/2 cm (13-1/4 in.) long, and operate with a maximum applied voltage of 1000
volts. The detectors also operate as fission counters in the lower 2 to 105 n/cm2-sec flux range, with
a sensitivity of 0.7 cps/n/cm2-sec.

Pre-amplifiers for these detectors are located outside of the detector wells. Final amplifiers and
electronic circuitry which convert the sensor outputs into linear power signals and wide range
logarithmic signals, and which determine the rate of change of the logarithm of the detector current
from —1 to +7 decades per minute, are located in the main control room.

Two more ex-core nuclear channels are provided for start-up. In the FSV HTGR, these channels
utilize B10 lined proportional counters with a sensitivity of ~18 cps/nv in a 200 R/hr gamma field.
In the 2240 MW(t) HTGR, high sensitivity fission chambers are utilized.

Figure 2 shows how all ex-core nuclear measurement channels overlap a reactor power range of
about eleven decades.

All ex-core nuclear detectors utilized at FSV and in the 2240 MW(t) HTGR are commercially available
from nuclear instrumentation manufacturers. The environment in which they must function does
not present any specially demanding requirements.
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2.2 In-Core Instrumentation
In-core neutron flux detectors are planned for the 2240 MW(t) HTGR to map neutron flux distri-
butions in the core. FSV dees not have in-core flux mapping units. FSV flux distributions are
calculated by computer models that utilize the overall ex-core power measurements previously
discussed (Section 2.1), helium temperatures measured at the outlet of the 37 core regions, the flow
resistance of a flow cont. ol orifice at the inlet of each of the 37 regions, and the position of the
neutronically "black" contiol rods (FSV does not have "grey" power rods) as input data.

However, because of the larger size of the 2240 MW(t) HTGR core, computer calculations of overall
neutron flux and temperature distributions can be made more accurate if axial, in-core flux meas-
urements are made. More specifically, the overall power distribution picture evolves as follows: Ex-
core detectors measure overall core power; core outlet helium temperatures and flows in each core
region provide a basis for calculating radial flux distributions; and the in-core detectors provide a
basis for calculating axial flux distributions. There are 12 in-core detectors planned for the 2240
MW(t) reactor.

It was originally thought that the simplicity of commercially available self-powered neutron de-
tectors would make them good candidates for this high temperature application. However, tests
performed in France by the CEA showed that thermoelectric currents generated by these detectors
at the high operating temperatures of the HTGR create excessively high signal noise, and result in
very low signal-to-noise ratios.

Consequently, other alternatives were considered. Of these, a high temperature fission chamber
developed by Toshiba of Japan and tested in the U.S.A. by GA in a TRIGA experimental reactor
appears to be the most promising. Tests conducted in February, 1982 in the 0 to 2.5 x 102 n/cm2-
sec range of the TRIGA reactor that was utilized produced high sensitivities as a function of tem-
perature, up to 800°C (1472°F). And as Fig. 3 shows, a fairly reasonable sensitivity was obtained
even at 1000°C (1832°F). The chamber contains about 0.00349 gms of enriched uranium. It measures
about 20 cm (7.8 in.) long by 1-1/2 cm (0.6 in.) diameter.

It is now necessary to test the Toshiba chamber at the higher neutron flux of the 2240 MW(t) HTGR
(approximately 1 x 1014 n/cm2-sec) in order to verify that gamma heating, burn-out, and possible
changes in performance characteristics will not present any problems. GA is currently exploring
the possibility of performing this task in the FSV HTGR.

3.0 TEMPERATURE INSTRUMENTATION

Measurements of the outlet gas temperature in each core region, and information on the coolant
inlet temperature and the distribution of primary coolant flow are combined to determine radial
core power distributions in the 2240 MW(t) HTGR. Chromel-alumel thermocouples, which are being
tested by CEA in France and by GA in the U.S., show low drift rates and durability and have been
selected for this application. The thermocouples are located in horizontal thermowell assemblies in
the lower core reflector blocks, and are accessed via penetrations through the PCRV. Each pene-
tration contains from four to eight thermocouples, depending on the number of core regions serviced.
Each region is reached by four replaceable thermocouples: two active and two spares. The geometrical
design is patterned after that used on FSV. The main difference is that FSV utilizes larger numbers
of non-replaceable thermocouples per penetration (Fig. 4).

Since one thermocouple can only measure the temperature at the exit of one core region, the total
number of core outlet thermocouples is a multiple of the number of regions. One acoustic ther-
mometer, on the other hand, can measure the temperature at the exit of several core regions.
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Acoustic thermometers work on the principle that a mechanical wave traveling in a wave guide can
be reflected by notches made along the wave guide, and that the travel time depends on the tem-
perature profile of the wave guide. Thus, acoustic thermometers effectively multiplex temperatures,
and the total number required in an HTGR would be a submultiple of the number of regions. Thus,
the use of these instruments has the potential for simplifying the wiring of the entire core outlet
temperature system. The larger the core, the more attractive this scheme is.

Acoustic thermometers have seen limited, experimental use in water reactors1 and their development
by commercial suppliers is being followed very closely. Temperatures of up to 2760°C (5000°F) have
been measured accurately with these devices under controlled conditions. However, there is con-
siderably less industrial experience with acoustic thermometers than with thermocouples, and con-
sequently thermocouples have been preferred for the HTGR.

Information on the temperature of the cold gas in both the 2240 MW(t) and the FSV HTGR's is also
obtained from thermocouples. These are located in thermowells which are part of the helium cir-
culator assemblies and measure steam generator outlet temperature.

4.0 HELIUM FLOW INSTRUMENTATION

The helium flow measurement in both the FSV and the 2240 MW(t) HTGR's is based on the sig-
nificant velocity increase of the helium as it leaves the wider path of the steam generator and enters
the narrower path of the helium circulator. Bernoulli's equation relates the difference of the squares
of the higher and the lower velocities to a pressure loss that can easily be measured by an ex-core
pressure differential sensor.

5.0 MOISTURE MONITORS

The presence of moisture in the primary coolant of both the FSV and the 2240 MW(t) HTGR, is
detected by ex-core moisture monitors. In both reactors, a primary coolant sample is continuously
drawn from the reactor by a sampling rake mounted at the helium circulator outlet and delivered
to the monitor. At FSV, the sample is returned to the circulator inlet. The pressure increase across
the circulator is used as the driving force to drive the sample. Since the pressure increase varies
with the square of the circulator speed, a sample flow control system is needed to maintain a
minimum response time at all power levels. In the 2240 MW(t) design the sample is returned by a
separate compressor that is not affected by circulator speed, and the sample flow control system
is simplified.

The moisture monitors are designed to identify a leaking steam generator. Their electronic output
signal is utilized by the plant protection system to isolate and dump the water inventory of a faulty
steam generator.

The FSV moisture sensor is of the dew point type, custom built by GA, and schematically shown
in Fig. 5. Referring to that figure, the temperature of the mirror is controlled by its heater and
cooling coils. When the dew point temperature of the sample is higher than that of the mirror, the
mirror fogs up, interrupting the path of the light source and upsetting the signal of the photo
resistor.

In the last several years, several commercially available moisture sensors (dew point and other
types) have become available. The 2240 MW(t) HTGR will likely use one of these commercial units
in its moisture monitors.
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6.0 SPECIAL FORT ST. VRAIN INSTRUMENTATION

During the initial rise-to-power program at FSV, and while approaching the 60% power generating
level, temperature fluctuations were observed in the core exit gas temperatures. The cause of the
fluctuations was not immediately evident, and a program of intensive investigation was conducted
in order to determine whether they were of mechanical or nuclear origin. As part of this program,
thermocouples, fission chambers, fission couples, and microphones were installed in-core as part
of a specially instrumented control rod drive. Displacement sensors and many sensitive core acce-
lerometers were mounted on the PCRV.

The fission couple detector was of special interest because similarly to a thermocouple, it can operate
at very high temperatures. It consists of a small fissile material body, usually a spherical ball of
U-235 with a diameter of approximately one fission mean free path, replacing a thermocouple
junction. The detector's major function is intended to be a direct measurement of integrated fission
density. A thermocouple junction is a fissile body which generates heat that is transferred to the
surroundings, including the junction sensing wires.

The fission couple utilized at FSV was tested first in an electric, high temperature furnace in a
TRIGA experimental reactor, and then installed near the bottom of the FSV core, where primary
coolant temperatures are the highest. In addition, an adjacent gamma absorbing junction for com-
pensating the gamma heating effect was included.

The FSV fission couple neutronic response signals in the FSV core were found to be significantly
lower than those in the TRIGA reactor. The FSV data showed that the gross response of the fission
couple and its adjacent thermocouple were quite similar. This may have been due to a loss of signal
caused by a loss of heat to the surroundings. Thus, the FSV fission couple behaved more like a
thermocouple than a neutronic detector. The exception was when a neighboring control rod under-
went spiking motions which caused large spikes in neutron flux.



Two in-core microphones were installed, a GULTON (750°F limited), which became inoperable, and
a KAMAN (1260°F limited), which responded very well to fluctuations in static and dynamic pres-
sure. The output of this microphone correlated very well with overall core delta-P, which was expected
since the microphone is effectively a pressure transducer. The KAMAN microphone revealed the
absence of any detectable impact noises in the core cavity.

This was also confirmed by the use of a significant amount of very sensitive accelerometers that
were installed on the PCRV, and by the use of LVDT displacement sensors mounted on the orifice
assemblies that control the distribution of primary coolant flow into the core regions.

Other more conventional instrumentation such as fission chambers located at the bottom of the top
reflector, and thermocouples located at three axial locations, were used more successfully to com-
plement the data from the permanent instrumentation systems in identifying the source of the
fluctuations as rearrangements of the gaps between fuel elements of adjacent core regions.

The fluctuations were stopped by the use of Region Constraint Devices that interlock fuel regions
at the top plenum layer of the core.

7.0 CONCLUSIONS

The design of the nuclear instrumentation for the HTGR in the U.S.A. makes extensive use of the
experience gained from the Fort St. Vrain HTGR. The activity that carries the highest priority is
the verification tests of the high temperature Toshiba fission chamber, which is being considered
for axial mapping of the nuclear flux. Other measurements required for control and protection are
based on commercially available sensors. In addition, the development by commercial vendors of
newer concepts for measuring temperture, mainly acoustic thermometry, is being followed closely
as they have the potential for simplifying considerably the wiring of the core outlet temperature
system.


