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EFFECT OF SURFACE ROUGHNESS ON THE 0.66-MICRON NORMAL 
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RHENIUM FROM 1500" TO 2100" K 

by Peter Cipollone 

Lewis Research Center 

SUMMARY 

The normal spectral emittance of vapor-deposited rhenium at a 0.66-micron 
effective wavelength is presented, and the results are compared to previously published 
data on bar and sheet rhenium. A dependence of the normal spectral  emittance on sur -  
face roughness is demonstrated quantitatively. 

INTRODUCTION 

Nondestructive determination of surface temperature distributions may be accom- 
plished with knowledge of the surface spectral  emittance. The determination of surface 
temperature distributions of thermionic emitters prior to their use in a cesiated con- 
verter is usually accomplished in this manner. 

both cases specific information regarding the surface characteristics of the test samples 
was not given. The data of reference 1 were obtained from a thin rhenium sheet rolled 
into a tube, and the data of reference 2 were obtained from a hollow cylinder machined 
from solid rhenium bar stock. Except for the description "ground and polished" in re- 
gard to the specimen of reference 2, neither report contains any information regarding 
the condition of the surface for which the emittance was measured. 

In reference 3 an attempt was made to establish a relation between emittance and 
surface roughness, but this attempt proved unsuccessful, possibly because of the low 
precision of the optical pyrometer used in the investigation. 

In reference 4 the effects of surface roughness on the normal spectral  emittance of 
tungsten were investigated, and although no definite trend was established, an increase 
of 20 to 50 percent in the emittance of roughened specimens was observed. It was con- 
cluded that, "The impracticability of preparing a roughened surface on one side of the 
very thin specimen while the other side remained ideal did not permit the use of the 
single specimen configuration for relative emittance ratio determination. If this diffi- 
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culty could be overcome, use of the apparatus with single specimen configuration to de- 
termine the relative emittance ratio could yield results with uncertainties less than 
4 percent. The fact that the temperatures of the surfaces were not directly determined 
contributed to the greater uncertainties in the results for the double specimen configura- 
tion. 1 f  

The measurements reported herein were made on a single hollow tantalum cylinder 
on the outside of which a thin layer of rhenium was vapor deposited. Pr ior  to the emit- 
tance investigation, the cylinder had been heated with a helical electron-bombardment 
filament, and variations in  crystal size and surface roughness were observed. The sur-  
face roughness was then measured at three positions, and flat-bottomed cylindrical 
hohlraums were spark-discharge machined at each location. At each position, tempera- 
ture was measured by means of a disappearing-filament optical-brightness pyrometer. 
Mean normal spectral emittance values were compared for  the three locations over the 
temperature range of 1500' to 2100' K at an effective-wavelength of 0.66 micron. 

SYMBOLS 

Am 

c1 

c2 
D 

D1 

D2 

km 

L 

2 

RA 

'b 
T 

mean area of cylinder through which heat flows radially 

first radiation constant, 2ahc2, 3. 7405~10-~~ W-cm 

second radiation constant, 1.43879 cm OK 

cavity diameter, cm 

inside diameter of tantalum cylinder, cm 

outside diameter of tantalum cylinder, cm 

mean thermal conductivity, km = 1/(T2 - Tl)/T2 k dT 

2 

T1 

cavity depth, cm 

tantalum cylinder length, cm 

spectral  radiance, W/(cm )(sr) 

brightness temperature, OK 

temperature, OK 

total heat flux, W 

tantalum cylinder wall thickness, cm 

fractional uncertainty in value of T 
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cavity spectral emittance 

normal spectral emittance 

cavity - wall nor mal spec t r a1 e mi ttan ce 

€ h C  

'An 

%W 

x wavelength, cm 

V fractional uncertainty in  value of eAn 

Cavity axial 
position, 

cm 

APPARATUS AND PROCEDURE 

Test Fixture 

Cavity diameter, Cavity depth Surface roughness Grain size 
cm to diameter (ASTM) 

pin. microns ratio 

A hollow cylinder machined from a tantalum rod and coated with a thickness of 0.028 
centimeter of rhenium by the hydrogen reduction of rhenium hexafluoride was used in the 
investigation. The rhenium vapor deposition was performed by San Fernando Labora- 
tories, Pacoima, California. The cylinder is shown mounted in the test fixture in fig- 
ure 1. The heated length was 3.94 centimeters, and the cylinder was 1.326 centimeters 
in diameter with a total wall thickness of 0.229 centimeter. The cylinder was heated by 
bombardment with electrons from a helical tungsten filament. 

The device was tested in a molecular-adsorption and ion-pumped vibration-free 
vacuum system at pressures ranging from 1X10m6 to 5X10-6 t o r r  ( 1 . 3 3 ~ 1 0 ~ ~  to 6.67X10- 

2 N/m abs). During the test, temperature variations of 150' to  200' K existed at all 
times axially along the cylinder with the midregion being the hottest and the top of the 
cylinder being the coolest. After approximately 50 hours of operation, a difference in 
crystal size and regularity became apparent. After an additional 170 hours of operation, 
photomicrographs were taken of the cylinder surface (fig. 2). Surface roughness (meas- 
ured by a traverse parallel to the direction of surface grinding) and grain size were also 
measured at three locations; these measurements are presented in table I. The r m s  
surface roughness ranged from a maximum of 55.0 microinches (1.397 microns) at the 
center of the cylinder to  a minimum of 32.5 microinches (0.825 micron) at the top of the 
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0.521 

2.202 

3.818 

TABLE I. - MEASUREMENTS OF CYLINDER AND CAVITY 

0.046 2.5 32.5 0.825 2 to 8 (Duplex) 

.036 3.45 55.0 1.397 3 (Uniform) 

.030 4.1 45.0 1. 143 3 to  7 (Duplex) 

Cavity 

Middle 

Bottom 
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cylinder. The grain s ize  ranged from ASTM 2 to 8 and was duplex at the top and bottom 
region and uniform in the center. 

The cylinder was then prepared for surface-temperature determination. Three flat- 
bottomed hohlraums were spark-discharge machined into the surface of the cylinder. The 
cavities were 0.521, 2.202, and 3.818 centimeters from the top of the 3.34-centimeter- 
long heated section of the cylinder (fig. 3). (At these axial locations the photomicro- 
graphs of fig. 2 were taken. ) After machining, the cavity depths and diameters were 
measured with an optical comparator. The cavity dimensions are also presented in 
table I. 

diam, 1.016-mm depth), difficulty in controlling the diameter of small  holes when 
spark-discharge machining through recrystallized rhenium made this impossible. 
Larger cavity-depth to diameter ratios were not permitted because of both the limited 
thickness of the cylinder wall and the limited optical resolution of the pyrometer. 

Although it was intended to have identical geometries for all three cavities (0.254-mm 

Temperature Determination 

By means of a disappearing-filament optical pyrometer, temperature was measured 
at the bottom of each of the three hohlraums listed in table I and on the vapor-deposited 
rhenium surface immediately adjacent to each cavity. Data were accumulated at tem- 
peratures between 1500° and 2100' K. 

Because optical-brightness pyrometers are not truly monochromatic, the observed 
brightness temperature corresponds to an effective wavelength that is temperature de- 
pendent. For the instrument used, the effective wavelengths varied from 0.6602 to 
0.6582 micron for temperatures from 1500' to 2100' K, respectively. 

emittance as determined from equation (1) of appendix A, and the cavity-emittance equa- 
tions of reference 5. With these cavity emittance values and the measured cavity- 
brightness temperatures as input to equation (1) of appendix B, true cavity-end disk tem- 
peratures were obtained. 
perature difference in the cylinder wall (appendix A) from the bottom of the cavity to the 
rhenium surface. These true surface temperatures and the corresponding rhenium 
surface-brightness temperatures were then used with equation (1) of appendix B in order 
to determine the normal spectral  emittance of the rhenium surface. 

Cavity emittance was estimated from the cavity geometry (table I), the cavity-wall 

Hohlraum temperature was then adjusted for the radial tem- 

4 



n 

Error Analysis 

An extensive review of the e r r o r  factors involved in optical-pyrometer temperature 
measurements is presented in reference 6. This study is concerned with comparing 
measurements made under identical conditions (i. e. ,  one instrument, one operator, one 
heat source, etc.)  except fo r  the conditions of the rhenium surface. Therefore, the pre- 
cision (or reproducibility of measurement) rather than absolute accuracy (or degree of 
agreement with correct values) is of primary importance. The factors that may reduce 
the precision of the optical temperature measurements are instrument e r ro r ,  observer 
e r ro r ,  and e r r o r s  associated with the determination of the emittance of shallow 
hohlraums. Each of these factors is discussed in the following paragraphs. Since the 
same optical viewpath was used for all data, glassware corrections were the same and 
thus did not affect the precision of readings for the three locations. 

ments of either 5' or 10' C, depending on the instrument scale used. To minimize in- 
strument readout e r ro r ,  the milliammeter was replaced with a four-place digital volt- 
meter. The pyrometer output was shunted across a calibrated 1.0-ohm (&. 1 percent) 
resistor. The improved instrument readout precision achieved is apparent in that the 
maximum slope of the calibration curve of the instrument is 0.098 millivolt per OK. 

Since the digital voltmeter has the capability of measuring to the nearest 0. 1 millivolt, 
the maximum instrument readout e r r o r  is *lo K. 

The e r r o r  associated with the observer in optical-brightness pyrometry is not as 
easily defined as the instrument readout e r ror .  Studies of single-observer random 
e r r o r s  and systematic e r r o r s  associated with more than one observer a r e  reported in 
references 6 and 7. Under the nearly ideal conditions (i. e. , completely blacked-out 
room, etc.) that existed during these tests, the random e r r o r  associated with a single 
observer would be less than *2O K for temperature measurements to 2500' K, as shown 
in reference 7. 

The milliammeter normally used with the pyrometer is directly calibrated in incre- 

From these e r ro r  considerations, it may be concluded that cavity-emittance correc- 
tions are appropriate for a comparison of the cavities i f  the difference between the cavity 
brightness and true temperatures is much greater than 3' K. 

tainty in emittance (from appendix B) are 0.069 and 0.095, respectively, that is, 
At 1500' and 2100' K the ratios of the uncertainty in true temperature to the uncer- 

= 0.095 
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Cavity 

TOP 

Middle 

Bottom 

If temperature e r r o r  A T  is assumed to be 3' K in each case, 

Temperature, % 

1500 2100 

Cavity emittance 

0.954 0.955 

.977 .978 

.985 .985 

I 0.029 "T= 15OO0K = 

"T=2 100°K - - 0.015) 

Since ideal cavity emittance is 1, the emittance corrections are necessary at 
1500' and 2100' K if  the calculated cavity emittances are less than the values shown in 
table 11. 

TABLE II. - MINIMUM APPROPRIATE 

CAVITY SPECTRAL EMITTANCE 

Cavity spectral  
emittance, 

Analytical procedures for determining the emittance of shallow blackbody cavities 
are described in references 5 and 8 to 14. An experimental evaluation of the various 
cavity-emittance correction procedures was not conducted during these tests, and the 
selection of the particular procedure used is based on the work reported in reference 7. 
The shallow-cavity analytical correction procedure recommended in reference 7 and 
selected as being the most suitable for use with these data is that of reference 5. 

(table I) were computed by the cavity-emittance correction procedure of reference 5 and 
The cavity emittances for the cavity-end disk of the top, middle, and bottom cavities 

TABLE III. - CAVITY EMITTANCE 

VALUES FOR TRUE 

TEMPERATURES 
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the cavity-wall emittance values determined by the method described in appendix A. 
These values are presented in table 111 for true temperatures of 1500' and 2100' K. 

emittance values are not sufficiently high for the top cavity at 1500' K and the top and 
middle cavities at 2100' K to exclude the need for emittance corrections. In these 
cases, cavity-emittance corrections were applied to the data by the procedure presented 
in reference 7. 

The absolute accuracy of the data reported herein may be no better than that of pre- 
viously published works (refs. 3 and 4) in which attempts were made to relate surface 
conditions to emittance. However, the experimental conditions in this study were such 
that the precision of temperature measurement, estimated to be *3O K, is better than 
that previously achieved. 

Comparison of the results of table 11 with those of table IC1 indicates that cavity- 

RESULTS A N D  DISCUSSION 

The normal spectral emittance values for the vapor-deposited rhenium surface at 
three axial locations are presented in figure 4. The bands shown represent the degree 
of precision anticipated in the section Error  Analysis (i. e. , i3T = 3' K where v//? 
varies from -14.5 at 1500' K to -10.5 at 2100' K). 

The means of the bands of figure 4 are plotted in figure 5 where the data of refer- 
ences 1 and 2 are also shown. A substantial difference exists among the data from the 
three sources. Different types of rhenium were used for the three investigations, 
namely, thin sheet rhenium in reference 1, solid bar stock in reference 2, and vapor- 
deposited rhenium in this investigation. For vapor-deposited rhenium with 55.0- 
microinch (1.397-micron) surface roughness, the mean emittance decreases from 0.509 
at 1500' K to 0.444 at 2100' K, whereas at 32.5-microinch (0.825-micron) surface 
roughness, the mean emittance decreases from 0.458 at 1500' K to 0.404 at 2100' K. 

In figure 6, mean emittance values for vapor-deposited rhenium are plotted as a 
function of surface roughness with true surface temperature as a parameter. This fig- 
ure indicates a dependence of the mean normal spectral emittance on the surface rough- 
ness. For example, at 1800' K the emittance increases from 0.430 at a surface rough- 
ness of 32.5 microinches (0.825 micron) to 0.477 at a surface roughness of 55.0 micro- 
inches (1.397 microns). Also shown in figure 6 are e r r o r  bars based on the precision 
bands of figure 4. 

Thus, there appears to  be a definite dependence of the normal spectral emittance on 
the surface roughness, and this difference is detectable with standard optical-pyrometry 
equipment. 
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CONCLUDING REMARKS 

The dependence of the normal spectral emittance of vapor-deposited rhenium on sur -  
face roughness was experimentally investigated for specimen temperatures of 1500' to 
2100' K. A cylindrical specimen, having an axial variation in surface roughness from 
0.825 to 1.397 microns, was used. The surface emittance was determined from meas- 
ured values of surface brightness and hohlraum temperatures. The results indicate a 
dependence of emittance on surface roughness. 

Lewis Research Center, 
National Aeronautics and Space Administration, 

Cleveland, Ohio, November 1, 1967, 
120-27-05-01-22. 
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APPENDIX A 

CAVITY-WALL EMITTANCE AND AXIAL CAVITY TEMPERATURE 

GRADIENT CALCULATIONS 

Cavity-Wall Emittance 

It is shown in reference 5 that in order to determine the cavity emittance, both the 
cavity geometry (L/D) and the cavity-wall emittance must be known. Because the cavity 
walls in the test device consisted of both rhenium and tantalum, an average cavity-wall 
emittance was determined by applying averaging factors based on the percentage of 
cavity-wall area of each of the two metals. These percentages are presented in the fol- 
lowing table for the three cavities. 

Cavity-wall area, 
percent 

Next, the normal spectral emittance values for both rhenium and tahtalum in the 
temperature range of 1500' to 2100' K at an effective wavelength of 0. 66 micron were 
required. There are several  experimental determinations of tantalum normal spectral 
emittance as noted in  references 15 to 19. The data of reference 19 were used as a 
source for tantalum emittance values. Experimental data on rhenium normal spectral  
emittance are more limited than those for  tantalum. Values reported in references 1 
and 2 are presented in figure 5. Since the spark-discharge-machining method of cavity 
manufacture produced highly diffuse cavity walls, the rhenium data of reference 2 were 
believed to be more representative of the conditions that existed in this test. 

The cavity-wall emittance was determined from the following equation: 

(Percentage of Re area) cXn, Re + (Percentage of Ta area)Ehn, Ta 

100 
(A 1) - 

- 

The cXW values were identical to three significant figures for the cavities between 
1500' and 2100' K. The values ranged from 0.428 at 1500' K to 0.437 at 2100' K. With 
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these emittance values and the measured cavity geometries, the cavity emittance was 
then determined from the cavity-emittance equations of reference 5. 

Cavity Axial  Temperature Gradients 

Since the hollow tantalum cylinder was heated internally by electron bombardment, 
a temperature gradient existed across  the cylinder wall and, thus, between the cavity- 
end disks and the rhenium surface. From the equation 

the temperature drop AT across  the cylinder wall may be calculated as a function of the 
total heat input Q. Since, D1 = 0.869 centimeter, D2 = 1.326 centimeters, and 
1 = 3.94 centimeters, 

rD21 - nDll 2 Am = = 13.400 cm 
D2 

Dl 
In - 

CD2 - D1) Q AT = Q = 0.0172 - 
2kmAm km 

From reference 20, the mean thermal conductivity of tantalum km over the tem- 
perature range considered is 0 .801  watt per centimeter OK. Since the thickness of 
rhenium was only 12 percent of the total cylinder wall thickness, the entire 0.229- 
centimeter wall was considered to be tantalum for this calculation. Therefore, equa- 
tion (4) reduces to 

AT = 0.0215 Q (A5) 

For  each set of data, the input power Q was measured with an estimated accuracy 
of rtl0 percent. The temperature difference across  the cylinder wall was determined for 
all the cavity-temperature measurements made. Because the wall was thin, it was as- 
sumed that a linear temperature gradient existed across  it, that is, 
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== 0.094 Q 
t 

For example, the power input for a temperature of approximately 1500' K at the middle 
cavity position was 450 watts. Thus, 

(A7) -- AT - 0.094(450) = 42.3 
t 

Since the middle cavity is 0. 122 centimeter in depth (see table I), the AT from the 
cavity bottom to the surface would be 5' K. This correction was applied to the observed 
temperature. In a similar fashion, corrections were applied to the top and bottom cavity 
data. 
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APPENDIX B 

RELATION OF ERROR IN EMITTANCE TO ERROR IN TRUE TEMPERATURE 

The equation 

which relates the true and brightness temperatures to the spectral emittance and wave- 
length is derived from Wen's equation 

c l ~ - 5  

c2 
RA = - 

e-  
AT 

in reference 7. 
If equation (Bl) is differentiated with respect to T, 

or 

Thus, the ratio of emittance e r r o r  to temperature e r r o r  is inversely proportional 
to AT. 

Evaluation of this ratio at temperatures of 1500' and 2100' K indicates that at 
1500' K the uncertainty in emittance is 14. 5 times greater than the uncertainty in tem- 
perature and decreases to approximately 10 at 2100' K, as shown in figure 7. 
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(a) Top. 

(b) Middle. 

Figure 1. - Vapor-deposited rhen ium cyl inder mounted in test fixture. 

I d  Bottom. 

Figure 2. - Rhenium surface at three cavity positions 
after 220 hours of operation. XM. 
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Ratio of emittance error to temperature error, u@ 
Figure 7. - Relation of emittance and temperature errors associated with use of Wien 

equation (appendix B). 
- *  
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