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DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsibility
for the accuracy, completeness, or usefulness of any information, apparatus, product, or process dis-
closed, or represents that its use would not infringe privately owned rights. Reference herein to eny
specific commercial product, process, or service by trade name, trademark, manufacturer, or other-
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.
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ABSTRACT

The High Temperature Gas-Cooled Reactor (HTGR) constructed at Port St. Vrain Colorado (330
MWe) used Geminol thermocouples to measure the primary coolant temperature at the core outlet.
The primary coolant (helium) is heated by the graphite core to temperatures in the range of 700°
to 750°C. The combination of the high temperature, high flow rate and radiation at the core outlet
area makes it difficult to obtain accurate temperature measurements. The Geminol thermocouples
installed in the Port St. Vrain reactor have provided accurate data for several years of power
operation without any failures. The indicated temperature of the core outlet thermocouples agrees
with a "traversing" thermocouple measurement to within ±2°C.

The Geminol thermocouple wire was provided by the Driver-Harris Company and is similar to the
chromel versus alumel thermocouple. Geminol wire is no longer distributed and on future designs,
chromel versus alumel wire will be used.

The next large HTGR design, which is being performed with funding support from the United States
Department of Energy, will incorporate replaceable thermocouples. The thermocouples used in the
Port St. Vrain reactor were permanently installed and large in diameter (6.35 mm) to insure good
reliability. The replaceable thermocouples to be used in the next large reactor will be smaller in
diameter (3.18 mm). These replaceable thermocouples will be inserted into the core outlet area
through long curved guide tubes that are permanently installed. These guide tubes are as long as
18 meters and must be curved to reach the core outlet regions. Tests were conducted to prove that
the thermocouples could be inserted and removed through the long curved guide tubes.
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SUMMARY

The purpose of this paper is to describe the methods used to measure the primary coolant temper-
ature at the outlet of the core of the High Temperature Gas-Cooled Reactors (HTGR) in the United
States.

The HTGR constructed at Fort St. Vrain Colorado (330 MWe) used Geminol thermocouples to measure
the primary coolant temperature at the core outlet. The primary coolant (helium) is heated by the
graphite core to temperatures in the range of 800° to 850°C. The combination of the high temperature,
high flow rate and radiation at the core outlet area makes it difficult to obtain accurate temperature
measurements. The Geminol thermocouples installed in the Fort St. Vrain reactor have provided
accurate data for several years of power operation without any failures. The indicated temperature
of the core outlet thermocouples agrees with a "traversing" thermocouple measurement to within
±2°C.

The Gemmol thermocouple wire was provided by the Driver-Harris Company and is similar to the
chromel versus alumel thermocouple. Geminol wire is no longer distributed and on future designs,
chromel versus alumel wire will be used.

The next large HTGR design, which is being performed with funding support from the United States
Department of Energy,* will incorporate replaceable thermocouples. The thermocouples used in the
Fort St. Vrain reactor were permanently installed and large in diameter (6.35 mm) to insure good
reliability. The replaceable thermocouples to be used in the next large reactor will be smaller in
diameter (3.18 mm). These replaceable thermocouples will be inserted into the core outlet area
through long curved guide tubes that are permanently installed. These guide tubes are as long as
18 meters and must be curved to reach the core outlet regions. Tests were conducted to prove that
the thermocouples could be inserted and removed through the long curved guide tubes.

An acoustic thermometer with a solid wave guide is being considered for use in the core outlet area.
This thermometer is manufactured by Panametrics, Inc. in Waltham, Massachusetts. The system
provides up to 16 temperature measurements on one wave guide that is as small as 1.6 mm in
diameter. This temperature measuring system would simplify the mechanical design of the core
outlet temperature measurement assembly.

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



1.0 THE HTGR IN THE UNITED STATES

The High Temperature Gas-Cooled Reactor (HTGR) program in the United States of America
includes:

• The construction and operation of a 40 MWe prototype reactor at Peach Bottom, Pennsylvania.

• The construction and operation of a 330 MWe reactor at Fort St. Vrain, Colorado.

• The development of a large reactor design. This reactor will be used for the purpose of gen-
erating electric power (860 MWe), or co-generating a combination of process steam and electric
power.

The prototype reactor at Peach Bottom, Pennsylvania completed its mission very successfully in
1975 and has been shut down. This unit utilized a steel pressure vessel and a steel containment
building. A significant amount of information was obtained during this program that aided in the
design of the reactor constructed at Fort St. Vrain, Colorado.

2.0 FORT ST. VRAIN

The reactor at Fort St. Vrain has been generating electricity since December of 1976. This reactor
utilizes a prestressed concrete pressure vessel with both primary and secondary closures on all large
penetrations. This dual closure design allowed the use of a steel frame reactor confinement building.
Small instrument lines did not require a dual closure but many pressure sensing instruments were
installed between the primary and secondary closures to minimize the number of possible leak
sources.

The core outlet thermocouples were installed in seven dual closure penetrations on the side of the
reactor. Figures 1 and 2 provide some detail of the location of these penetrations and the dual
closure design. The small traversing thermocouple thermowell shown on Fig. 2 is actually four small
thermowells (2.4 mm dia.) inside a larger thermowell (13.5 mm dia.). Both the large thermowell and
four smaller ones are sealed on the hot end. This double thermowell design provides the desirable
dual closure. The four traversing thermowells are used to insert long standard thermocouples for
checking the readings of the larger thermocouples that are permanently installed. The checks have
indicated that the installed thermocouples are reading within ±2°C of the traversing thermocouple.
The traversing thermocouple thermowell may be used to house a spare thermocouple in case of a
failure of one of the larger units permanently installed. At present none of the permanently installed
thermocouples have failed.

Figure 3 provides some detail of the structure of the core around the thermocouples. Figure 4 is a
sketch of the core support block that has been cut away to show the position of the thermocouples.
There are thirty seven similar regions in the Fort St. Vrain core and each region has four ther-
mocouples. Figure 5 is a cross-section of the reactor and core at the level of the seven penetrations.
A thermocouple assembly i3 installed in each penetration. The number of thermocouples in each
penetration depends upon the number of regions it serves and varies from 16 to 28.

The permanently installed thermocouples used in the assembly are inconel sheathed, magnesium
oxide insulated with Geminol wire. The diameter of the sheath is 6.35 mm with a wall thickness
of 1.02 mm. The Geminol wire is similar in chemical composition (primarily nickel) to the ISA
Type K thermocouple, chromel versus alumel. The Geminol wire is less susceptible to oxidation than
Type K because the positive Geminol wire has more chromium than chromel wire and the negative
Geminol wire does not include the aluminum that is present in alumel wire. The EMF versus
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Fig. 1. Fort St. Vrain reactor showing core outlet temperature sensor penetration
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Fig. i. View of hot junction area of the core outlet thermocouples at FSV
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Fig. 5. Cross section of the Fort St Vrain reactor core at the
elevation of the core outlet thermocouple penetrations



temperature characteristics of the Geminol thermocouple are quite nonlinear at low temperature
(room temperature to 700°C). At the higher temperatures (700°C to 1300°C), the EMP change per
degree temperature change for the Geminol thermocouple is very similar to that of the chromel
versus alumel thermocouple. In future reactor designs chromel versus alumel thermocouples will
be utilized for the following reasons:

* The Driver-Harris Company will not produce any more Geminol wire unless a very large
quantity is ordered.

* Thermocouples will always use a metal sheath protecting tube and mineral insulation. This
arrangement provides good protection from an oxidizing and carbonaceous atmosphere.

* The nonlinearities of the Geminol thermocouple at low temperatures creates problems in tlio
read-out instruments. Since Geminol is not used extensively by industry, there are no standard
"off-the-shelf" linearlization circuits.

3.0 THE LARGE REACTOR DESIGN

The design of large reactors in the future will require replaceable thermocuples and curved pene-
trations. Refer to Fig. 6 for a typical arrangement of the curved penetrations. A thermowell assembly
containing as many as 36 thermowell tubes will be inserted into the curved penetration and straight
across the core. The thermowell tubes are 6.35 mm outside diameter with a 0,50 mm wall thickness.
The thermocouples may be inserted and removed from these thermowell tubes. The thermocouple
will be inconel sheathed, magnesium oxide insulated, chromel alumel sensors that vary in length
from 10 to 19 meters. The thermocouples will be exposed to temperatures as high as 850°C. The
radiation in the area of the thermocouples will be much lower than the core because they are located
below the graphite reflector blocks. The radiation will be 1 x 1010 N/cm2/sec and 2 x 109 rads
gamma.
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REACTOR CORE
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MISS REACTOR
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Fig. 6. Large reactor penetration layout



Tests were conducted at General Atomic to prove that the thermowell assembly could be inserted
into the curved penetration within the 4.5 meter space between the containment building and the
reactor, see Fig. 7. Unlike the Fort St. Vrain situation, holes could not be cut in the containment
building wall to insert the thermowell assembly. The tests proved that the thermowell assembly
could be installed and the thermocouples could be inserted and removed from the thermowells. More
difficulty was experienced inserting the thermocouple into th-5 tubes than inserting the thermowell
assembly into the curved penetration. The tests indicated that the thermocouples could be easily
inserted down curved thermowell tubes up to 21 meters long if the following rules are observed:

1. The thermocouple wire must be rigid enough so it will not buckle when it is forced into the
thermowell tube. Conversely the wire must not be too rigid and make it difficult to push it
around a bend in the thermowell tube. The 4.7 mm diameter thermocouples were too rigid, the
1.6 mm diameter thermocouples were not rigid enough and the 3.2 mm diameter thermocouples
seemed to work the best.

2. The clearance between the outside of the thermocouple and the inside of the tube must be large
enough such that binding doesn't occur when the thermocouple is forced past a bend in the
tube. The clearance must not be so large, however, that the thermocouple can easily buckle
when the tip meets some resistance.

3. The radius of curvature of any bend in the thermowell tube must be larger than the bend
radius of the thermocouple that will cause yielding of the sheath material. For example: As-
suming the sheath material has a minimum yield stress of 207 MPa and a modulus of elasticity
of 193 GPa, the maximum strain the sheath can experience without yielding is 1070 microstrain.
The strain on the sheath (e) can be expressed in terms of the radius of curvature (R) and the
radius of the sheath (r) as:

R

The minimum allowable radius of curvature of the thermowell can be calculated as

„ r 3.18 mm/2

This is a conservative value because the yield stress of the sheath material is probably higher than
207 MPa.

Other methods of measuring the core outlet temperatures have been considered. One method that
General Atomic has tested utilizes an ultrasonic thermometer. The thermometer and readout system
are provided by the Panametrics Company in Waltham, Massachusetts. The thermometers with the
Panatherm 5010C readout electronic system have been used to measure temperatures as high as
2760cC. The thermometer probe is a solid metal wave guide for transmitting an acoustic pulse. The
wave guide is notched at various points along its length, see Fig. 8. The echoes from these notches
may be detected by the exciter/receiver on the cool end of the thermometer. By measuring the time
between two echoes very precisely, the speed of sound in the material may be determined. Since the
speed of sound is proportional to the square root of the modulus of elasticity and the modulus of
elasticity varies with the absolute temperature, the time between the echoes is proportional to the
square root of the absolute temperature of the material.
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Fig. 8. Panametrics acoustùal thermometer

The advantages of the acoustic thermometer are:

1. As many as 16 zones may be reliably measured on one wave guide as small as 1.6 mm in
diameter. One thermowell approximately the same size as the thermocouple thermowells could
be used to accommodate the wave guide. Since one wave guide can be used to make up to 16
temperature measurements, the thermowell assembly could be simplified. Assuming two wave
guides were used (one as a spare) and each wave guide was measuring 9 regions, a thermowell
assembly that included thermocouples and an acoustic thermometer would require 20 ther-
mowell tubes. A thermowell assembly that included only thermocouples would require 36 ther-
mowell tubes.

2. An average temperature measurement is obtained over the zone between two notches. A tem-
perature gradient occurs in the helium that flows through the hole where the core exit ther-
mocouple sensors are located. A point temperature sensing device, like a thermocouple, will
give a variety of readings that depend on its exact location in the helium flow. An average
temperature measuring sensor is desirable.

The present large reactor design does not include an acoustic thermometer. More information is
available on thermocouples regarding the long term effects of the high temperature and radiation.
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In future designs, however, the acoustic thermometer will be considered because it simplifies the
installation of the thermowell assembly and provides an average temperature measurement.

More information may be obtained on the acoustic thermometer from an article in the October 1969
issue of "Instruments and Control Systems" magazine, page 107.

4.0 CONCLUSION

Chromel-alumel thermocouples are used in the United States to measure the primary coolant tem-
perature at the core outlet. On the large reactor design these thermocouples are replaceable. An
inconel sheathed, MQO insulated thermocouple with an outside diameter of 3.2 mm can be inserted
down a long curved thermowell tube to reach the desired point in the reactor core to provide core
outlet temperature data.

Other methods of measuring the core outlet temperatures have been investigated. The acoustic
thermometer manufactured by Panametrics appears to have a number of advantages. More expe-
rience with long term exposure to high temperatures and radiation is desirable before these devices
will be specified as primary sensors in the core environment.
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