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ABSTRACT 

One major problem of irradiation experiments is establishing a desired, con
stant test specimen temperature. It is not possible to instrument most test cap
sules so that specimen temperatures are not known. Also, isothermal conditions 
do not exist over the specimen section and the radiation input flux varies with 
time. The gas-controlled heat pipe has the capability of producing a variable 
heat-rejection system which can maintain a relatively constant, isothermal tem
perature with variation's of heat input. A heat pipe incorporated into a test 
capsule can establish and maintain an isothermal specimen temperature with large 
variations of radiation input flux. 

I. INTRODUCTION 

•s The heat pipe is a self-contained heat transfer device which has no moving 
parts, can transfer heat isothermally, and has a thermal conductance higher than 
any known material. A heat pipe is a sealed container in which a fluid is con
tinuously evaporating and condensing thereby establishing an essentially constant 
temperature throughout the length of the container. The heat is transferred by 
mass flow of the fluid, utilizing the inherently high thermal characteristics of 
heat of vaporization, resulting in a heat transfer rate several orders of magni
tude higher than that of thermal conduction. Heat addition to the evaporator 
section of the heat pipe is distributed throughout the condenser by flow and 
condensation of vapor. The cycle is completed with the return of the condensate 
to the evaporator by capillary action through a wick structure lining the con
tainer wall. The driving force for the vapor is created by a slightly higher 
vapor pressure in the heat input zone (See Fig. l). 

In a two-phase system, the vapor pressure is a function of temperature. If 
a heat pipe is operated at a pressure that corresponds to a section of the vapor 
pressure curve ha< ing a steep slope, the pressure difference necessary for the 
vapor driving force produces a very small temperature drop along the length of the 
pipe (See Fig. 2). Therefore, except for extremely high input heat fluxes, pipe 
operation is essentially isothermal.(1) 

Heat pipes can be built to operate from cryogenic temperatures to 2000°C by 
choosing fluids with suitable vapor pressures for the desired temperature ranges 
as shown in Table I. 

* Work performed under the auspices of the U. S. Atomic Energy Commission. 
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Temperature 

F i g . 2 . Vapor Pressure Curve. 

Fluid 

Liquid Mtrogen 

Freon 

Alcohols 

Water 

Phenyl Ether 

Mercury 

Cesium 

Rubidium 

Potass iuTi 

Sodium 

Lithium 

Lead 

Silver 

TABLE I 

HEAT PIPE FLUIDS 

Approximate 
PvP.nge 

°OD ' 

25 -

100 -

250 -

. 380 -

38O -

1*50 -

550 -

900 -

1300 -

1600 -

Teirroerature 
°C * 

+25 

200 

300 

550 

700 

700 

800 

900 

1500 

1700 

2000 
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Liquid metal heat pipes have heen operated with axial heat fluxes over 
10 kW/cm^ of vapor passage area. Life tests of high temperature heat pipes shovm 
in Table II indicate that successful operation for several thousand hours has 
been achieved. (2) 

TABLE II 

DEMONSTRATED HEAT PIPE LIFETIME CAPABILITIES 

Working 
Fluid 

Lithium 

Lithium 

Lithium 

Lithium 

Sodium 

Sodium 

Sodium 

Sodium 

Sodium 

Potassium 

Potassium 

Container 

W-2oRe 

TZM 

TZM 

Hb-l#Zr 

Hb-lgZr 

Ni 

30»4 SS 

Kaynes 25 

Hastelloy-X 

Ni 

Ni 

Temperature, 
°C 

1600 

1500 

1500 

1500 

850 

800 

730 

730 

715 

600 

6oo 

Hours of 
Operation 

10,000 

10,526 

9,800 

9,000 

16,000 

13,755 

11,500 

12,000 

33,100 

6,000 

ia, 000 

Remarks 

Ro failure 

Weld failure 

Weld failure 

Continuing 

Continuing 

No failure 

No failure 

No failure 

No failure 

Ko failure 

No failure 

II. OPERATION OF ILEAT PIPES CONTAINING INERT GASES 

A heat pipe can operate isothermally over its entire length if there are no 
noncondensable gases in the pipe. A noncondensable gas will be pumped to the 

' condenser end of the pipe, forming a gas pocket, which results in a large tem
perature drop over this section. For a given amount of gas, the length of this 
section will depend upon the operating temperature of the pipe. If the tempera
ture rises, the vapor pressure of the working fluid increases and the gas is 
compressed toward the end of the pipe. This results in a larger heat-rejection 
area of the condenser and a higher heat-rejection rate. If the temperature 
decreases, the gas pocket will expand and reduce the heat rejection area. By 
introducing an inert gas into a heat pipe, this mode of operation can be utilized 
to create a thermal control system by providing a variable heat rejection area. 
This method of heat pipe temperature control has been used in irradiation cap
sules at Los Alamos Scientific Laboratory (LASL) for evaluating radiation damage 
of materials for thermionic diodes. Test results indicate that this means of 
thermal control can be extended to the irradiation testing of a variety of 
reactor structural and control-rod materials over broad temperature and radiation 
flux ranges. 

III. IRRADIATION OF REACTOR STRUCTURAL MATERIALS 

A major consideration in the development of liquid metal fast breeder 
reactors is the effect of irradiation on the properties of reactor structural 
materials. All structural and control-rod materials must be irradiated to flu-
ences expected under actual operating conditions, then destructively evaluated 
before they can be considered for components in the final reactor design. 
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Certain materials evaluation procedures require rather large specimens to pro
duce uniform test results. However, large specimens introduce problems since 
only a few specimens can be irradiated in each experiment and the temperature 
can vary along each specimen as well as along the length of an irradiation 
assembly. If the test results are to be applied to reactor structural compo
nents, it is necessary to know the irradiation temperature. This is readily 
accomplished in most research reactors where leads for temperature control and 
measurement can be routed from a near-core experimental assembly to a control 
console. However, fast reactors pose unique temperature control problems. In 
the SBR-ZI test reactor, recent modifications to the comrol rod system will 
provide lead tube access to three irradiation facilities in the core. These lead 
tubes permit selective monitoring of sample temperature and one of the three 
positions provides limited control of the subassembly temperature by adjusting 
the coolant flow rate. However, since the number of lead tube positions is lim
ited, only the hi&lisst priority experiments (usually fuelled units) have access 
to these core locations. Other drawbacks include the hrlgh cost of fabrication 
and the fact that the lead tube is not reusable. 

For structural materials irradiation, some experimenters are irradiating 
at the bulk sodium temperature or resorting to the use cf fixed gas gaps in an 
attempt to control the specimen temperature. A major advantage of the bulk 
sodium tenroerature irradiation assembly is that most of the hexagonal subassembly 
can be utilized for specimens, thereby permitting large specimens to be 
irradiated. However, a disadvantage is that the temperature gradient ranges 
from 65 to 93 °C over the length of a 53 cm experiment weighing approximately 6000 
grams. Since the temperature gradient increases with experiment length and the 
flux peaks in the center, the experiment has to be carefully planned and assem
bled in order to obtain meaningful results from postirradiation tests. 

The gas gap approach to temperature control involves the use of an inert gas 
which has been selected for its heat transfer characteristics. This type of 
assembly is designed to operate at a specific temperature when the reactor is 
operating at peak power by transferring heat through the gas gap to the reactor 
coolant. However, this technique has several drawbacks including: (l) each 
assembly has to be short to prevent severe temperature gradients due to uneven 
gamma heating and nonuniform gas gaps, (2) the gamma heating rate must be accu
rately known, (3) the gamma heating rate must remain constant from cycle to 
cycle, and (k) the gas gap must not change due to irradiation-induced swelling, 
thermal expansion, etc. Failure in any of these areas can result in a severe 
compromise of the objectives of expensive experimental assemblies. 

Generally, the experimenter uses a passive temperature monitor in an attempt 
to check the validity of his calculations upon which the gas gap is based. The 
temperature monitor may be either a eutectic (melt wire), designed to raelt at a 
specific temperature, or silicon carbide. Postirradiation analysis of the eutec-
tics is time consuming and always produces uncertain results since it only 
indicates the maximum temperature and does not provide a temperature history. 
Further, in a stud;/ conducted at IASL,'3) it was determined that the published 
melting temperature does not always match the actual melting temperature unless 
the monitor is sealed in a vacuum. It was also concluded that a number of melt 
wires covering a broad range of temperatures would be required to characterize 
the experiment temperature. 

The irradiation temperature detected by silicon-carbide monitors is deter
mined by lattice-parameter measurements. Uniform calibration of the silicon 
carbide is lacking at this time; however, a plan has been suggested whereby all 
experimenters would obtain silicon carbide from a common source. Again, as with 
the eutectics, the silicon carbide monitor does not produce a temperature history. 
In fact, if certain conditions are met, the monitors may reflect only the tempera
ture during the last part of the irradiation cycle regardless of the preceding 
temperature history. 
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Clearly, the four conditions listed earlier for temperature control in non-
lead experiments are difficult to achieve. One experimenter reported that, based 
on silicon-carbide temperature monitors, his irradiation temperature may be above 
or below the desired temperature by as much as 93 °C. toother has stated that a 
20^ change in the gamma heating rate from one cycle to another (or miscalculating 
the gamma heating rate by 20$) will result in a 93 to l62°C change in the temper
ature of a gas gap experiment. The experimenter must know the irradiation tem
perature of the specimens to accurately analyze the postirradiation test results. 

IV. THE GAS-CONTROLLED HEAT PIPE 

The gas-controlled heat pipe has the capability of producing a variable heat 
rejection system which can establish and maintain a relatively constant, iso
thermal specimen temperature with large variations of heat input flux. The 
desired operation temperature can be established by loading the proper amount of 
an inert control gas into the pipe. 

By combining the radial heat rejection through the dewar gas gap with the 
variable axial heat rejection of the heat pipe, large heat fluxes can be 
accommodated. Changes in the input heat flux to the system are compensated by 
the variable axial heat-rejection rate of the pipe. 

V. THEPJ-IAL-CONTROL CAPSULE COHSTRUCTIOIT 

A. Gas-Gap Dewar Capsule 

A typical irradiation capsule with a gas-gap dewar for radial heat rejection 
and a gas-controlled heat pipe, to establish a predetermined operating tempera
ture and a variable heat rejection zone for temperature control, is shown in 
Fig. 3" The radiation capsule consists of a double-walled dewar which provides a 
gas gap for conduction of a portion of the heat to be rejected radially to the 
reactor coolant stream. The capsule also contains a liquid metal heat pipe which 
extends through the top of the capsule into the reactor coolant stream for axial 
heat rejection. An inert-gas control zone at the top of the pipe provides the 
variable heat rejection area for temperature control. The volume of this control 
zone is determined by the vapor pressure of the working fluid of the heat pipe. 
As the vapor pressure increases, due to a temperature increase of the system, 
the control gas is compressed into a smaller volume resulting in a larger heat 
rejection area. The unit is designed so that the actual heat rejection area is 
a small fraction of the total area associated with the inert control-gas section. 
A large increase in heat input to the specimen region of the heat pipe will pro
duce a conanensurately large increase in the heat rejection area but this will be 
only a small fractional change oi. the total control-gas volume and will result in 
a relatively small change in control-gas and fluid vapor pressure. As shown 
previously by the vapor pressure curve in Fig. 2, the temperature change is small 
(approximately 15$) for a given vapor-pressure change when a heat pipe is oper
ating in the proper teaperature range. It is the combined effect of small frac
tional changes of available heat rejection area for large changes of heat input 
and the steep slope of the vapor-pressure curve which give the gas-filled heat 
pipe its temperature control capability. The capsule also contains a liquid 
sodium pool covering the test specimens to provide a good thermal contact with 
the heat pipe and the inner capsule wall. An inert buffer gas above this sodium 
pool provides en insulation zone to prevent axial heat loss except for heat 
removal by the heat pipe as required for temperature control. 

B. Vacuum Ga? Dewar Capsule 

Another type of irradiation capsule which has been constructed is of similar 
design, however, instead of an inert gas in the dewar chamber, this volume (Fig. k) 
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is evacuated forming an insulated section to prevent radial heat rejection. The 
heat pipe in this system not only provides the temperature control but is the 
sole means of heat rejection from the capsule. The sodium pool is replaced with 
an inert gas for thermal contact of the specimens with the heat pipe. The speci
mens in this system should have good thermal contact with the heat pipe or the 
specimen temperature will be higher and not as well known as with the sodium 
liquid bond because of the much lower thermal conductivity of an inert gas. 

Although this system is somewhat simpler to construct and simplifies post
mortem examination, it cannot accommodate radiation fluxes as high as the gas-gap 
dewar with auxiliary radial heat rejection. A LASL vacuum capsule, containing 
test specimens of thermionic materials with a 2.8 cm o.d. heat pipe, is now being 
irradiated in the EBR-H (Experiment X-171). This unit was designed to operate at 
730°C in the outer row of the reactor core with an input flux of 500 W. Prelimi
nary tests of the heat pipe indicated that the pipe should operate at the desired 
temperature with a maximum control-temperature change of 20°C when the power input 
varies from 500 to 1000 W. Further work has been done to develop a heat pipe for 
this type of capsule to operate in the center of the core at 5 kW. A prototype of 
this heat pipe has been tested up to 6 kW and the control capability is shown in 
Fig. 5' This curve shows that for the design heat rejection rate of 5 kW at 750°C, 
a temperature control of ± 15 °C could be maintained for a power input variation 
between k and 6 ktf. Over the entire test range from 2 to 6 kW, a temperature 
rise of only 58°C occurred when the power inpvt was increased by a factor of 
three. 
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Fig. 5- Heat Pipe Control-Temperature vs Heat Transfer Rate. 



C. Ceramic Insulator Irradiation Capsule 

Thermionic insulator materials placed in a vacuum-dev.'ar capsule were sub
jected to irradiation in the L/vSL, Omega 'west Reactor (OWR) at 7!tO°C for a 
period of 3700 h.(4) The capsule was temperature controlled by a sodium heat 
pit>e containing neon as the control gas. A thermocouple was attached to the 
heat pipe at the center of the specimen section and the temperature was recorded 
during the entire test to monitor the control capability of the heat pipe. 
During the test period, the desired temperature was maintained with a variation 
of only ± 5°C. 

D. Irradiation Capsule for Sheathed Insulator Voltage Test 

To determine the combined effects of temperature, electrical stress, and 
neutron irradiation on the resistivities of thermionic insulators, specimens 
were placed in a vacuum-dewar capsule and irradiated in the OWE for a period of 
2179 h. The specimens were temperature controlled by a sodium heat pipe with 
neon as the control gas. A thermocouple mounted at the center of the specimen 
section indicated that the desired temperature of 750°C was maintained within 
± 20°C during the test period.(5) 

VI. TEST PROCEDURES 

As ths test specimens in a capsule are heated externally by the high-flux 
radiation of a reactor, it is not feasible to build a test apparatus to determine 
the operating characteristics of a complete capsule before inserting it in a 
reactor core. It is possible, however, to determine the operating temperature 
and control capability of the heat pipe before it is assembled into the capsule. 
The ability of the heat pipe to estaolish and control the operating temperature 
is the main factor in thermal-control irradiation capsules and has been demon
strated in OWE irradiation tests. Therefore, if the test of a heat pipe is 
satisfactory, adequate performance of the complete capsule assembly is reason
ably assured. 

VII. NAVAL RESEARCH LABORATORY (NRL) IRRADIATION CAPSULE 

A temperature-controlled, gas-gap capsule has been designed for the NRL to 
irradiate reactor structure! specimens. The experiment will contain 5 single-
edged notched (SEN) specimens to study the effect of radiation on the fatigue 
crack-growth rate of LMFBR materials. In addition, the capsule will contain 
8 J-integraJ. (elastic-plastic fracture), k3 compression, k sheot tensile, and 8 
round tensile specimens. These specimens, shown in Fig. 6, will provide informa
tion on the effects of a fast reactor environment on fatigue, fracture, and flow 
characteristics of cladding and near-core LMFBR materials. The total weight of 
the experiment including specimens and hardware will be approximately 2230 grams. 
The experiment will operate in a Mark 1-A subassembly utilizing a gas gap and a 
heat pipe to control the irradiation temperature at 650°C while the reactor is 
operating. The irradiation period will be approximately 25,000 megawatt days in 
Row 6 or 7 of the EBR-U. The specimen area will be filled with sodium to simu
late, as nearly as possible, the actual component operating conditions, 

A second heat pipe experiment is planned for insertion during the first quar
ter of 197's. The operating conditions will be similar, however, the conditions 
established for the URL experiments are not necessarily limits of the heat pipe 
system. In fact, at higher operating temperatures, the correspondingly higher 
temperature differential between the heat pipe and the liquid sodium coolant in 
the heat exchange region produces a more efficient system. 
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VIII. SUI-5MARY 

As there are numerous structural and control-rod materials used in reactor 
construction, and a variety of temperature and flux conditions under which they 
must be irradiated, many different capsule designs will be required. Some of the 
design factors which must be considered are operating temperatures, input flux, 
required temperature control, and the size, shape, and type of irradiation 
specimens. Because the present facilities available for irradiation ox" materials 
preclude the measurement or control of testing conditions, the only apparent 
recourse is to develop a high degree of confidence in the heat pipe for the 
establishment and control of capsule temperatures under variable radiation-input 
fluxes. 

The current research work is directed towards the development of heat pipes 
which will provide the maximum heat-rejection rate with a minimum of volume so 
that more specimens may be irradiated per capsule, thereby reducing the cost and 
time of capsule construction and reactor testing. 
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