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[571 ABSTRACT 
A high gradient directional solidification furnace is 
disclosed which includes eight thermal zones through- 
out the length of the furnace. In the hot end of the 
furnace, furnace elements (25, 26, and 40) provide de- 
sired temperatures. These elements include Nichrome 
wire (28) received in a grooved tube (30) which is en- 
capsulated by an outer alumina core (32). A booster 
heater (40) is provided in the hot end of the furnace 
which includes toroidal tungstedrhenium wire (42) 
which has a capacity to put heat quickly into the fur- 
nace. An adiabatic zone is provided by insulation bar- 
rier (62) to separate the hot end of the furnace from a 
cold end. The cold end of the furnace is defined by 
heating elements (80 and 90). A heat transfer plate (70) 
provides a means by which heat may be extracted from 
the furnace and conducted away through liquid cooled 
jackets (72). By varying the input of heat via the booster 
heater (40) and output of heat via the heat transfer plate 
(70), a desired thermal gradient profile (120) may be 
provided. 

20 Claims, 3 Drawing Figures 
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HIGH GRADIENT DIRECTIONAL 
SOLIDIFICATION FURNACE 

ORIGIN OF THE INVENTION 5 

The invention described herein was made by employ- 
ees of the U.S. Government and may be manufactured 
and used by or for the Government for governmental 
purposes without the payment of any royalties thereon 

BACKGROUND OF THE INVENTION 

10 
I or therefor. 

The invention relates to a furnace which is suitable 
for use in processing samples of material specimens in 
space. Particularly, the invention is directed to a fur- l 5  
nace having a high thermal gradient which is impressed 
upon the material as it is processed in the furnace. 

Experiments in the past have been conducted using a 
standard Bridgman-Stockbarger type apparatus, which 
basically provides for passing the experiment material 2o 
from a heated zone to a cold zone relying primarily on 
radiation heat transfer and gas conduction to transmit 
thermal energy into and out of the experiment sample. 
Whereas radiation heat transfer is adequate in the hot 
zone of such systems, it is very inefficient at the cold 25 
end of the thermal gradient. Poor heat transfer in the 
cold end coupled with the normal temperature “roll- 
off’, or axial heat loss from an unguarded main heater 
limits the maximum thermal gradients achievable by 
this method. 30 

Prior Bridgman-Stockbarger directional solidifica- 
tion systems designed for space flight have been limited 
to thermal gradients of approximately 250” C./cm with 
the hot temperatures at 1OOO” C. and a sample diameter 
of a few millimeters. With the present invention, ther- 35 
mal gradients of up to approximately 500” C./cm in 
samples of up to 12 millimeters can be achieved. 

Accordingly, an important object of the present in- 
vention is to provide a directional solidification furnace 
which may be used in processing specimens of material 40 
in space and which has a high thermal gradient. 

Another important object of the present invention is 
to provide a directional solidification furnace for use in 
space operations which has a gradient zone in which the 
thermal gradient impressed upon the specimen of mate- 45 
rial may be controlled. 

Still another important object of the present inven- 
tion is to provide a directional solidification furnace 
which is comprised of modular components which can 
be rearranged to tailor the furnace to carry out different 50 
experiments. 

Still another important object of the present inven- 
tion is to provide a directional solidification furnace in 
which the heating elements of the furnace are modular 

Still another important object of the present inven- 
tion is to provide a directional solidification furnace 
which provides manipulation of the sample in space by 
way of processing the material and then stores the pro- 
cessed sample for return to ground. 

components and may be expeditiously replaced. 55 

60 

SUMMARY OF THE INVENTION 
The present invention relates to a material processing 

furnace having an elongated tube for receiving a mate- 
rial sample and a plurality of temperature-controlling 65 
elements placed in zones outside and along the length of 
the tube, and in heat-transfer relation therewith. The 
elements, which may be heating, cooling or passive in 

character, are selected and placed so as to provide a 
desired temperature profile along the length of the tube. 
For  directional solidification applications one end por- 
tion of the tube is heated under conditions such as to 
provide an isothermal “hot” region, and a portion at the 
other end is heated to a lesser temperature to provide an 
isothermal “cold” region, the hot and cold regions 
being separated by an adiabatic region having a steep 
thermal gradient. These conditions are obtained by 
means of a selected series of heating elements and pas- 
sive elements disposed in zones at the hot and cold 
regions and by use of a passive insulated element for the 
thermal gradient region, with a booster heater element 
being placed adjacent the insulation element on its hot 
side and a heat-transfer plate on its cold side. Required 
temperature profiles along the length of the tube are 
produced by controlling the electrical power to the 
various heating elements. 

Normal operation of the furnace would consist of 
heating the sample material in the isothermal hot region 
to a temperature above its melting point and establish- 
ing the desired thermal gradient by adjusting the fur- 
nace cold end conditions. The experiment sample is 
then translated through the thermal gradient region. 
The position of the solid/liquid interface of the experi- 
ment sample is controlled by varying the heat flow into 
and out of the different control zones. This enables the 
experimenter to locate the interface in the center of the 
thermal gradient region where the goal is to obtain flat 
isotherms in the experiment material, or to position the 
inflection point of this sigmoidal curve in different loca- 
tions of the furnace for experiments other than direc- 
tional solidification, such as vapor transport or solution 
growth. 

BRIEF DESCRIPTION OF T H E  DRAWINGS 
The construction designed to carry out the invention 

will be hereinafter described, together with other fea- 
tures thereof. 

The invention will be more readily understood from 
a reading of the following specification and by refer- 
ence to the accompanying drawings forming a part 
thereof wherein an example of the invention is shown 
and wherein: 

FIG. 1 is a sectional view illustrating a high gradient 
directional solidification furnace constructed according 
to the present invention; 

FIG. 2 is a perspective view with parts separated 
showing the modular construction for a high gradient 
directional solidification furnace constructed according 
to the present invention; and 

FIG. 3 is a plot of temperature versus furnace zone 
position for a material specimen illustrating the high 
thermal gradient achieved with a furnace constructed 
according to the present invention. 

DESCRIPTION OF A PREFERRED 
EMBODIMENT 

The furnace has eight thermal control zones. Each 
thermal control zone is either heated, cooled, or passive 
depending on the experiment requirement. This enables 
the furnace to establish a variety of thermal profiles. 
The furnace is primarily designed to produce steep 
thermal gradients, however, varying the different con- 
trol zones enables it to operate with a variety of thermal 
gradients from isothermal (no gradient) to very steep 
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gradients. The eight control zones will be briefly de- from the sample and conducted to the liquid cooled heat 
scribed in relation to their characteristics. sink via a heat transfer plate in the zone 6. By changing 

There is a hot zone 1 used to initially heat the sample the heat transfer properties of this plate and by varying 
up to the desired operating temperature and then to the volume flow rate of the liquid coolant, changes in 
maintain the steady-state hot end temperatures. During 5 heat transfer from the cold end of the sample can be 
steady-state operation ths zone requires a relatively obtained. The change in heat transfer properties of the 
small amount of power to make up for the furnace in- heat transfer plate is obtained by varying the material 
trinsic heat losses. This zone is approximately 30.32 cm and thickness of the plate. The modular design of this 
(8 inches) long, but when combined with a hot end furnace makes it easy to remove or change out the heat 
guard heater zone 2 and a hot end passive zone 3 pro- 10 transfer plate. The heat sink zone is 0.635 cm (0.25 
vides a hot processing region of 25.4 cm (10 inches). iiiches) in length. 

Hot guard heater zone 2 is an independently control- The cold end heater zone 7, in conjunction with the 
lable heating zone which allows the isothermal regions heat sink zone, provides the capability of varying the 
of the hot zone to be extended closer the end of the furnace cold end temperature. The desired thermal 
furnace. This zone is 2.54 cm (one inch) long and oper- 15 gradient cold end temperatures can be obtained by ad- 
ates at a relatively high power input, It makes up for the justing the cold end heater temperature and coolant 
heat loss out the end of the processing zone. This zone flow rate. Additionally, the thermal gradient can be 
being controllable gives the capability of not only estab- made more steep by adjusting the heat transfer plate to 
lishing a long isothermal region, but by raising it higher extract the maximum amount of heat so as not to cause 
than the hot zone, can produce a continuous positive 20 a temperature dip upstream of the cold end heater zone. 
temperature gradient from the end of the furnace to the The cold end heater zone is 12.7 cm (5 inches) long. 
gradient zone. This condition is required in some mate- There is a cold guard heater zone 8 which helps to 
rials processing experiments that cannot tolerate a tem- reduce the amount of axial heat loss from the cold end 
perature inversion in the hot section of the furnace such heater zone 7. This makes the isothermal length of the 
as mercury-cadmium-telluride. 25 cold end heater longer. The cold guard heater zone is 

The hot passive zone 3 is passive i.e, it has no active 2.54 cm (1 inch) long. 
thermal element or control. It is located between the Referring now in more detail to the drawings, a direc- 
hot zone 1 and a booster heater zone 4. The zone is 2.54 tional solidification furnace is disclosed having the 
cm (one inch) long and provides an area of no thermal above described zones which includes an outer housing 
input but rather is heated by the booster heater. The 30 10. The housing 10 is water cooled by means of water 
temperature dip that might occur as a result of this zone cooling coils 12 which encircle the outside of the hous- 
not being heated is taken care of by the heat leveling ing. The water cooling coils 12 are arranged in a spiral 
capability of the ceramic core tube and by the heat flux which encircles the housing. There is a core of insula- 
emanating from the booster heater as will be more fully tion 14 inside the housing 10 which is comprised of 
described hereinafter. The hot passive zone 3 allows the 35 alternate horizontal layers of 0.0005 inch thick molyb- 
hot zone temperature rollover to be moved closer to the denum and quartz wool. This allows the furnace to be 
gradient zone without raising the temperature at the operated in a vacuum, or under inert or reducing gas 
gradient end of the hot zone higher than desired. A atmospheres. Adjacent the hot zone 1 is a zone 16 of 
steeper thermal gradient is achieved by moving the hot alternate layers of zirconia and 0.0005 inch thick molyb- 

4- 

zone temperature rollover toward the gradient zone. 
The booster heater zone 4 in conjunction with the hot 

passive zone 3 raises the temperature as high as permis- 
sable immediately upstream of an adiabatic gradient 
zone 5, thereby providing steeper thermal gradients. 
The booster heater zone is located between the hot 
passive zone 3 and the adiabatic zone 5. This heater 
must be very narrow in order to direct the heat flux into 
a narrow region of the furnace. It must also be capable 
of inputting a large portion of the total energy required 
by the furnace. Because of this the booster heater must 
operate at temperatures well above the temperatures of 
the other heaters, reauiring it to be constructed of 

40 denum. The zirconia and molybdenum layers cover a 
zone of approximately $ of an inch closest to the furnace 
interior diameter. The remainder of the insulation core 
14 toward the outside is quartz wool and molybdenum 
in alternate layers. 

There is an end plate 18 which closes the housing 10 
on one end. Adjacent the end plate is a space 20 thermo- 
couple wires and electrical leads which go to the heat- 
ing elements. There are six electrical power leads 22 
connected to three heating elements 25,26, and 40 with 

50 two power leads being connected to each heating ele- 
ment. Six thermocouples 24 are provided, with two of 
the thermocoudes 24 beinn associated with each of the 

45 

1 -  - 
heater alloy wire with higher temperature capabiIity. three heating elements for control purposes. The heat- 
The booster heater zone is 0.343 cm (0.135 inches) long. ing elements 25, 26, and 40 are located in the hot guard 

and is where the thermal gradient is established. It is The heating element 25 is the hot guard heater in the 
located between the booster heater zone and a heat sink hot guard zone 2 which consists of a Nichrome V nickel 
zone 6. The purpose of zone 5 is to prevent axial heat base alloy wire spiral wound about a grooved alumina 
flow, which if allowed to occur, would degrade the core tube 30 with the wire being denoted as 28 in the 
thermal gradient. The experiment solid/liquid interface 60 grooves 30a. (Nichrome is a registered trademark of 
will be located in the adiabatic zone. The adiabatic zone Driver-Harris Company). The outside of the core 30 is 
provides an area in the sample where plain isotherms an alumina retainer 32 which may either be cast or may 
can be produced. be attached in the form of an outer cylinder cemented to 

The heat sink zone 6 in conjunction with a cold the core. 
heater zone 7 and by means of a liquid cooled heat sink 65 The main heating element 26 in the hot zone 1 simi- 
controls the cold end of the thermal gradient. The heat larly consists of grooved alumina core 30 having wind- 
sink zone 6 is located between the adiabatic zone 5 and ings 36 of Nichrome V heater wire wound about the 
the cold heater zone 7. Thermal energy is extracted core 30 in the grooves 300. A similar outer substrate 32 

Adiabatic zone 5 is passive and thermally insulated 55 zone, hot zone, and booster heater zone, respectively. 

. 
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of alumina is formed about the inner core 30 for retain- Nichrome V type wire. The cold heater element 80 
ing the heater element wire. The main heating element contained 20 guage Nichrome V type wire and the cold 
26 has a length of approximately eight inches long. The guard heater 90 utilized 22 guage Nichrome V heater 
main differences between the hot guard heater 25 and wire. The tungsten-rhenium wire in the booster heater 
the main heater 26 is the diameter of the Nichrome V 5 40 was 0.02 inches in diameter. The temperature in 
heater wire 28, 36. In the hot guard heater section, the these zones may be achieved by varying the power to 
diameter of the wire is sized so that the resistance of the these wires. 
wire will generate enough heat at twenty-eight volts to An enclosure housing 100 is carried at the end of the 
provide the proper temperature. The same is true of furnace which encloses the flange plate 78 of the heat 
heater element 26. 10 sink housing and provides a housing for thermalcouples 

booster heater 40 which includes a ring 42 of tungsten- guard heater elements 80 and 90. 
rhenium wire wound in spirals in an annular fashion. A muffle tube 110 extends centrally through the fur- 
The tungsten-rhenium heater coil is enclosed between nace. The muffle tube is made from 310 stainless steel. 
two layers of alumina 44 and 46 which are cemented 15 The walls of the steel muffle tube are ten thousandths of 
together. The toroidal shape of the heating element 42 an inch in thickness, which thickness is suitable for 
and the composition of the element which is seventy- providing the required heat transfer between the vari- 
four percent tungsten and twenty-six percent rhenium ous zones of the furnace. The muffle tube 110 isolates 
enable a large amount of heating to be accomplished in the various zones of the furnace from one another, thus 
a narrow space. 20 allowing different atmospheres to be run in different 

In the passive heating zone 3 there is no heater ele- portions of the furnace. The specimen is contained in a 
ment, which allows a gap to be provided between the quartz ampule or  tube 115 which is inserted through an 
main heating element and the booster heating element. open end 116 of the muffle tube 110. Any suitable mech- 
The passive heating zone 3 allows heat from the booster anism may be utilized for pulling the tube 115 through 
heater to be dissipated to the right of the booster heat- 25 the furnace at a desired rate from right to left. 
ing zone 4 so as not to cause a dip or a bump in the FIG. 3 illustrates the thermal profile and gradient 
thermal profile of the sample being processed. achieved with the solidification furnace of the present 

Referring now to the adiabatic zone 5 the adiabatic invention. Temperature is plotted along the zones of the 
zone includes a housing 60 made of Inconel, which is a furnace in distance (centimeters) as shown by the solid 
nickel-based alloy. (Inconel is a registered trademark of 30 line 120. The dotted line 122 shows the same profile for 
The International Nickel Company). Inside the Inconel a conventional two-zone furnace. It can be seen that the 
housing are thirty-six alternating layers 62 of half-mil thermal gradient is much more pronounced and steeper 
thickness molybdenum and quartz wool. The width of for the directional solidification furnace of the present 
the insulation is approximately one centimeter. The invention. The knees 124 and 126 of the curve 120 may 
adiabatic zone provides an insulation barrier between 35 be shifted to shape the slope of the thermal gradient and 
the hot and cold ends of the heater. provide a desired profile. For example, the knee 126 

A heat transfer plate is illustrated at 70 in the heat sink may be shifted to the right by taking more heat out of 
zone 6 for conducting heat away from the experimental the furnace in the heat sink zone 6. The knee 124 may be 
sample. The plate may vary in its composition and di- shifted to the left by putting more heat into the furnace 
mension so as to vary the conduction rate of heat. In 40 in the booster heater zone 4. The result is a steeper slope 
practice, both brass and stainless steel plates have been and thermal gradient. 
utilized to conduct away the heat. A cooling jacket 72 This materials processing system is of modular de- 
is located adjacent the heat transfer plate 70 for carry- sign, allowing it to be assembled in different configura- 
ing away the heat which is conducted by the plate. The tions. The end flanges of each major segment are identi- 
cooling jacket includes an inlet plug 74 carried on one 45 cal; as a result the major segments such as the hot sec- 
flange 75 of a heat sink assembly housing 76 and exits tion, heat transfer plate, heat sink, and end caps can be 
the jacket through an outlet plug 77 carried on an op- interchanged. For  instance, two hot-zone heaters can be 
posing flange 78 of the heat sink housing. The housing joined together to provide one isothermal heater. This 
76 is thus in the form of a spool. configuration could be used with the two long isother- 

Located along the main processing channel adjacent 50 mal zones separated by a desired thermal gradient for 
the adiabatic and heat sink zones is the cold end heater experiments such as vapor transport. 
zone 7 which includes a heater 80 similar to the hot end Two cold ends could be joined together (each cold 
heater 26. Heater 80 includes Nichrome V wire 82 end contains a 800" C. max. heater and a liquid cooled 
wound in grooved tube 30 encapsulated by alumina heat sink) to accomplish lower temperature work but in 

at less power so that the temperatures produced in this periments where only one hot zone is required the end 
section of the furnace will be lower. caps could be placed directly on the end of the hot zone. 

Next, in the cold guard heater zone 8 there is pro- This would provide a shorter isothermal heater. 
vided at 90 a heater which is essentially identical to the In addition to the major segments being interchange- 
hot guard heater 25. Heater 90 includes a Nichrome V 60 able each heater core (containing one or more heating 
wire 92 contained in grooved tube 30. The cold guard elements) is easily removable. This provides the capa- 
heater covers about one inch of the length of the fur- bility of installing different kinds of heated zones in each 
nace. Adjacent the end of cold guard heater zone 8 is a of the different assembly configurations. As an example, 
base 94 forming part of a housing 98 which includes an the hot isothermal heater could be replaced with cus- 
insulation core 14 of alternating one-half mill thickness 65 tomized heater winding to establish thermal require- 
molybdenum and quartz wool layers. ments unique to an individual experiment, such as 

In one example, the hot guard heat wire 28 was 22 would be required for vapor or  liquid transport experi- 
guage Nichrome V wire. The hot wire 36 was 17 guage ments. Since the adiabatic (insulated zone) zone is re- 

r Referring now to the booster heater zone 4, there is a 102 and power leads 104 going to the cold end and cold 

i 

i core 32. The cold end heater, however, will be operated 55 the same configuration as with two hot zones. For ex- 

, 
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8 
movable, its thermal properties can be changed to 
achieve specific requirements or  removed completely 
and replaced with additional booster heaters to further 
customize the thermal conditions in the growth region. 

The directional solidification of the present invention 5 
can produce thermal processing conditions that could 
not be achieved in the past. It allows larger diameter 
samples to be processed under steeper thermal gradients 
than is presently possible. The use of a series of thermal 
control 

arrangement and dimensions of the booster heater, adia- 
batic zone, and the heat transfer plate produced results 

an elongated tube adapted to receive and have trans- 
lated therethrough a material-containing ampule; 

temperature-influencing means disposed outside said 
tube and along its length and defining in said tube a 
hot end region adjacent one end, a heated, but 
cooler region adjacent the other end and an inter- 
mediate region having a steep thermal gradient; 

said temperature-influencing means including a pas- 
sive insulating element disposed around said inter- 
mediate region of said tube, a cooling element dis- 

said cooler region, a booster heater element dis- 
posed between said passive insulating element and 
said hot region, and a plurality of heating elements 

region; 
insulation means enclosing selected ones of said heat- 

ing elements so as to provide a flat temperature 
profile in said end regions: and 

an external housing enclosing and supporting the said 
elements and insulation. 

10. The apparatus of claim 9 including a passive insu- 
lating element disposed between said booster heater and 
said hot region heating elements. 

11. The apparatus of claim 10 wherein a separately 

arranged to produce two isothermal 10 
zones and a very steep temperature gradient by the posed between said passive insulating element and 

1- 

not While heretofore a preferred provided. embodiment of the invention has 15 disposed around said hot region and said cooler i 
been described using specific terms, such description is 
for illustrative purposes only, and it is to be understood 
that changes and variations may be made without de- 
parting from the spirit o r  scope of the following claims. 

What is claimed is: 
1. A directional solidification furnace comprising: 
an elongated tube adapted to receive and have trans- 

lated therethrough a material-containing ampule; 
a plurality of annular elements disposed around said 25 

therewith, individual elements of said plurality 
having a heating, cooling or passive character; 

20 

tube its length and in heat transfer controllable annular heating element is disposed side- 
by-side around each of said end regions, 

12. The apparatus of claim 11 wherein said cooling 
said being selected and placed so as to pro- element comprises a jacketed metal plate in heat trans- 

vide within said tube a hot region adjacent one end, 30 fer contact with said tube and adapted to have a liquid 
a heated, but cooler, region adjacent the other end coolant passed therethrough. 
and an intermediate region therebetween having a 13. The apparatus of claim 12 wherein said insulation 
steep axial thermal gradient; means comprises a stacked array of molybdenum metal 

said elements including a passive element disposed sheet and fibrous refractory material. 
around said intermediate region, a booster heater 35 14. A dir&tional solidification furnace adapted to 

and said hot provide along its length two relatively uniform elevated 
region and a cooling element between said Passive temperature regions with a region of steep thermal 
element and said cooler region; gradient therebetween comprising: 

housing means and means for actuating said elements. an elongated tube adapted to receive and have trans- 
2. The apparatus of claim 1 wherein said cooling 40 lated therethrough a material-containing ampule; 

element includes a plate, a cooling jacket carried in heat a plurality of annular elements disposed side-by-side 
transfer relation therewith and having an inlet and out- along the length of and in heat-transfer relation 
let for passing a heat transfer liquid through said jacket. with said tube, said elements comprising: 

3. The apparatus of claim 2 wherein said elements a first relatively narrow, high-power heating ele- 
include a hot end heater disposed along a major portion 45 ment disposed around the tube adjacent its hotter 
of said hot region and a separately controllable heater end and adapted to be operated in such a manner 
disposed adjacent the outer end of said hot region. as to compensate for heat loss out the said tube 

4. The apparatus of claim 3 wherein said elements end; 
include a passive insulating element disposed between a first relatively wide heating element disposed 
said hot end heater and said booster heater element. adjacent said first high-power heating element 

5. The apparatus of claim 4 wherein said elements over a major portion of the hotter end region of 
include a cooler end heater disposed along a major said tube; 
portion of said cooler region and a separately controlla- a first passive insulating element disposed over said 
ble heating element disposed adjacent the outer end of tube adjacent said first wide heating element; 
said cooler region. 55 a narrow, high-power booster heating element 

6. The apparatus of claim 5 including insulation disposed over said tube adjacent to said first 
means disposed between said housing and all of said passive heating element; 
elements except said cooling element and said cooler a second passive insulating element disposed over 
end heater. said tube adjacent said booster and enclosing the 

circumference of said steep thermal gradient 
means comprises a stacked array of alternating layers of region; 
refractory metal sheet and refractory fibrous material. a cooling element disposed over said tube and adja- 

8. The apparatus of claim 7 wherein said refractory cent said second passive insulating element; 
metal is molybdenum and said fibrous material is quartz a second relatively wide heating element disposed 
wool. 65 over said tube adjacent to said cooling element: 

9. A directional solidification furnace for impressing a and 
steep thermal gradient across a sample material com- a second relatively narrow, high-power heating 
prising: element disposed over said tube adjacent to said 

between said passive 

50 

i 

7. The apparatus of claim 6 wherein said insulation 60 
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second relatively wide heating element and adja- 
cent to the cooler end of said tube; 

insulation means disposed around all of said elements 

having a flange extending outward from said thermal 
gradient region. 

17. The apparatus of claim 16 wherein said plate of 

18. The apparatus of claim 16 including cooling 
means in heat transfer relation with the exterior of said 
housing. 

except said second relatively wide heating element; said cooling is secured to said flange. 
5 and said cooling element; and 

housing means. 
15. The apparatus of claim 14 wherein said cooling 19. The apparatus of claim 18 wherein said insulation 

element a plate and a jacket means comprises a stacked array of alternating layers of 
having an inlet and outlet for Passing a heat transfer 10 refractory metal sheet and fibrous refractory material. 
liquid therethrough. 20. The apparatus of claim 19 wherein said heating 

16. The apparatus of claim 14 wherein said elements elements include a grooved ceramic core in which heat- 
disposed over said hotter end region and said thermal ing wire is embedded. 
gradient region are carried by a cylindrical housing * * * * *  

15 
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