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OCRL--94868 
Introduction D E 8 7 °09568 
In most high-power electron-beam processes, molten metal is contained in its 
own solidified skull which is in turn supported by a water-cooled copper 
contai net. 
Since the beginnings of electron-beam technology in the late 1950s, manu
facturing methods for the construction of these copper hearths and crucibles 
have generally fallen into two categories: "tube-on-sheet construction" in 
which copper cooling lines are soldered or welded onto copper plate, and 
"drilled-passage construction" where the cooling passages are drilled through 
a solid copper block. 
Both of these methods have their advantages and limitations. Tube-on-sheet 
construction is relatively inexpensive and complex shapes can be fabricated. 
It is generally considered to be limited to applications with heat fluxes below 
about 200 W per square centimeter however. Higher heat fluxes can be handled 
using drilled-passage components, but they are expensive to manufacture and 
designs are limited by the inability to drill curved holes. 
A new technology has recently emerged whereby cooling channels are first 
constructed of pipe sections welded together and bent to a desired configu
ration. This piping network is then laid in a sand mold and liquid copper is 
cast over it to produce the formed product. This technique is advertised as 
having the ability to handle large heat fluxes while at the same time giving 
nearly infinite freedom 1n designing the shape of the container and in the 
placement of cooling passages. 
Actual heat transfer data for this technique around which hardware may be 
designed are apparently unknown, however, both to present suppliers and users 
of this technology. For this reason an experimental program was undertaken at 
the Lawrence Livermore National Laboratory to compare the heat transfer 
characteristics of the cast and the drilled-passage techniques. 
Experimental 
For this experiment, two identical test blocks, as shown in Fig. 1, were 
constructed. Test block "A" was of drilled passage construction using CDA 
alloy 101 copper (oxygen free, high-conductivity copper). Test block "B" was 
fabricated at Cadman Manufacturing Corp., Pittsburgh, PA, using CDA alloy 807 
(boron deoxidized copper) cast over Monel (alloy 400) tubes. The blocks are 
shown in cross section 1n Fig. 2. 
Both test blocks measured 6.25 " x 2.38" x 2" thick. Five 0.5" diameter water 
lines on 1.25" centers located at mid thickness were provided 1n each block. 
For evaluation, each test block was mounted in a vacuum chamber as shown in 
F1g. 3. The block was heated uniformly on the top surface using a linear 
electron beam from a transverse type gun deflected 270* and striking the block 
at normal incidence. The gun was powered by a 10 kv, 50 kH Temescal constant 
voltage power supply. Magnetic deflection of the beam was accomplished by 
mounting two solenoidal colls one radius apart in a typical Helmholtz 



configuration, thereby Insuring uniform mignetic flux in the space of beam 
propagation. A triangular waveform swept at 17 Hz was imparted to the 
deflection magnet power supply to sweep the beam uniformly and at constant 
power transversely across the test block. Axial beam uniformity was maximized 
by masking off the ends of the filament on the gun thereby eliminating low-
power end components of the beam. To further insure an even heat flux to the 
test block, a cooled-copper mask was installed over the entire assembly to 
shield all but a 2.36" x 5.91" (6 cm x 15 cm) area on the block from both 
primary and skip electrons. 
0.063" diamster stainless steel sheathed thermocouples were installed at 
locations in the test block, each water tube, and inlet and outlet water lines. 
Test block thermocouples were spring loaded to insure contact between thermo
couple tip and hole bottom. A turbine flow meter accurate to ±0.511 of reading 
was mountsd in the return water line so that the power absorbed by the test 
block could be calculated. Water flow, all temperatures, and the electron-beam 
emission current were recorded at one minute intervals on a datalogger. 
The cast test block was examined radiographlcally and found to contain a large 
void, presumably a solidification shrinkage cavity. The void measured 
approximately 0.25 inches in diameter by 2 inches long and was located just 
below one face of the block. The block was machined and mounted so that the 
electron-beam heating was imparted to the side away from the cavity. 

Results 
From the measured absorbed powers and resultant temperatures, and knowing the 
heat transfer area, an overall steady-state heat transfer coefficient was 
calculated according to the familiar basic heat transfer equation U . Q/AflT 
(1). The heat input 0 was calculated from calorimetry data. Delta T was taken 
as the difference between the average of the copper temperatures measured at 
the block mid thickness and midway between tube centers (see Fig. 2) and the 
arithmetic mean of the bulk inlet and outlet water temperatures. The heat 
transfer area was based on the full-cooling channel circumference x 6 cm long x 
5 channels. 
The maximum heat transfer coefficient calculated for the case of the drilled 
passage test block was 2,534 BT07hr/ft2/°F. This corresponded to an absorbed 
power density of 320 w/cm 2 and resulted in a maximum recorded copper tempera
ture on a thermocouple located 0.13" below the heated surface of 346'C. This 
is quite close to the value predicted by the equations of Kharandja (2) of 
U - 2,663 BTU/hr/ft2/°F, but is well above the 1,213 BTU7hr/ft2/°F 
predicted by the correlation of Sieder and Tate (3). It is well below the 
so-called "burnout heat flux" predicted by Gambill et al. (4). 
For the cast test block, an overall heat transfer coefficient of 
363 BTu7hr/ft2/°F was calculated. This resulted from an absorbed power 
density of 91 w/cm2, and a maximum recorded temperature of 453°C. 
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A summary of this data Is presented in Table 1, and a comparison plot of heat 
transfer coefficients for both test blocks is shown as Fig. 4. Only two data 
points were taken on the cast test block due to the high recorded copper 
temperatures. Note that heat transfer coefficients for the cast block are at 
best a factor of 4 lower than those for the drilled passage block. 
For comparison, using an LLNL developed code (5) to analyze the case of a 
tube-on-sheet design block, for a maximum allowable surface temperature of 
453°C, an input power density of 154 w/cm2, and a heat transfer coefficient 
of U - 449 BUT/hr«ft2-*F were calculated. 

Conclusions 
If a safe working temperature limit of 7C0'C is assumed for copper devices made 
via the cast technique, and assuming that the test block used in this 
evaluation was a representative sample of this technology; it appears that the 
usable upper temperature would be reached at a power density of about 
110 w/cm2. This is sufficient for many electron-beam melting and refining 
applications where there is no direct electron-beam impact on the copper, but 
is unsuited for most refractory metal melting or evaporation applications. 
Further, the cast technology appears to be around I9S lower 1n heat transfer 
capability than simple tube on sheet construction. This coupled with the 
presence of voids and the inaccessibility of cooling pipes where minor water 
leak repairs could be required make this technology of limited value for most 
electron-beam melting and refining applications. 
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Figure 1. Test block 
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f igure 2. Test block crossection 
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Figure 3. Experimental Coniiguration 



Table 1. Heat transfer test block data summary 

E-beam [ Absorbed J Power density [ Ave water ' Ave Cu ' U j 
SIX'S? l&L 'JP2.v^rJi^J. _ vl?Ii si. cI!?i. -i J^fi'^—'^'iTE.' 1* [_BTU/hr/ftf/"Fi 
Drilled passage block 

10.57 6.35 
20.00 13.26 
29.69 19.98 
34.98 26.62 
39.40 28.83 

Cast block 

10.16 5.69 
15.51 8.18 

70.57 
147.37 
222.04 
295.76 
320.33 

63.21 
90.87 

21.50 80.19 1451 
22.25 127.75 1686 
23.00 155.30 2026 
23.70 170.18 2437 
24.35 176.93 2534 

20.25 235.34 355 
20.85 323.16 363 

Figure 4. He2t transfer test block comparison 
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