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A novel device for measurements of the normal and directional total emissivity 
of solid surfaces in the range 300-600 K is described. The measurements were 
performed using the radiation comparison method. A novel blackbody radiation 
source is used as a standard. The detection system consists of a pyroelectric 
head, a preamplifier, a chopper, and a matching lock-in amplifier with analog 
recorder ourput. The device is simple and well suited for routine measurements. 
Comparison of our results with those of previous investigations shows a good 
agreement. 
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I. I N T R O D U C T I O N  

It is well recognized that the surfaces of most engineering materials exhibit 
some departure  from diffuse behavior. Yet few data are available to enable 
engineers to evaluate quanti tat ively the variat ion of emissivity with 
direction. Fur thermore,  materials with specified directional emissivity or 
absorptivi ty are used in space and solar energy technologies. The heated 
cavity reflectometer and the device for measur ing directional total 
emissivity, developed by Dunkle  et ai. [1 ]  and Neuer and W6rner  [2] ,  
respectively, can meet the needs, but they are complicated and expensive. 
Therefore, it seems desirable to develop a simpler device suited for rout ine 
measurements  of directional total emissivity in the range 300-600 K. 
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The purpose of this paper  is to describe the device and its working 
principle and to present experimental  results for several metals and 
nonmetals.  

2. D E S C R I P T I O N  O F  T H E  M E A S U R E M E N T  D E V I C E  

The radiat ion compar i son  method is used for measur ing directional 
total emissivity. Radiances from a reference b lackbody and a sample are 
separately measured using a pyroelectric detector system, and they are 
compared  at the same tempera ture  and for the same viewing conditions. 
The reference b lackbody is a metal  disk with a hemispherical  reflecting 
shell. The sample and the metal  disk are, respectively, heated with an 
electric heater connected to an au tomat ic  tempera ture  control  system so as 
to keep the same tempera ture  between them. The components  of the device 
are described below. 

2.1. A N o v e l  B l a c k b o d y  Radiat ion  Source  

A schematic d iagram of the b lackbody radiation source is shown in 
Fig. I. A hemispherical  reflecting shell (1) with a small hole (radius rp) at 
its top is situated over  a disk (2) with radius r d and emissivity ed, made  of 
heavily oxidized stainless steel. The inner wall of the shell is mir ror -smooth ,  
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Fig. !. Schematic diagram of a novel blackbody. 
(1) Hemispherical reflecting shell; (21 emilting 
disk; {31 thermocouple head; (41 concentric ring 
made of AI203 for insulation; 15) copper plate 
for obtaining uniform temperature of the disk; 
(61 electric healer; (7) thermocouple wires; 
(8) thermal insulation; (9) covering. 
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with reflectivity PH and inside radius R, acting as a specular reflector. 
A concentric ring (4) of the disk (2) is made of AI20 3. The width of 
the gap between the ring and the disk is about 1.5 mm so as to reduce 
conduction losses from the disk to the ring. The disk is heated and kept at 
a uniform temperature, acting as a thermal emitting source. Part of the 
radiation emitted from the disk passes through the small aperture, and the 
remainder reaches the hemispheric mirror and most of it is reflected back 
onto the disk again. The disk absorbs part of the reflected radiation and 
the process is repeated. 

It is assumed that (a) the hemispherical reflecting shell ( ! )  is a 
specular-gray body; (b) the disk (2) and ring (4) are a diffuse-gray body; 
(3) when the disk (2) is heated, the ring (4) and shell ( ! )  are, respectively, 
at different uniform temperatures T d, Tr, and TR. The theoretical analysis 
shows that the effective normal emissivity ee of the heated disk can 
approach 0.990, provided rp = 0.1 R, ra = 0.3R, ed/> 0.80, and PH >/0.95. The 
results have also been checked by practical determination of the spectral 
emissive characteristics of the blackbody. The comparison gives a good 
agreement [3]. 

In comparison with the traditional heated-cavity blackbody, the advan- 
tages of the radiation source used here are that (a) it is easier to obtain a 
uniform temperature field over the disk, (b) no special temperature control 
system is needed, and (c) the construction is simpler. 

2.2. Sample Holder and Heater 

The geometric dimensions of the metal or nonmetal samples are as 
follows: diameter, 25 mm; and thickness, 3-4 mm. A schematic diagram of 
the sample holder and the heater is shown in Fig. 2. To keep the sample at 
a uniform temperature, the back surface of the sample (2) and the contact 
surface of the metal box (4) containing the electric heater must be polished 
to have a good thermal contact, and the contact area between the lid (1) 
and the sample (2) should be as small as possible to reduce heat losses. 

The electric heater is made of a thin ceramic or a mica sheet wound 
with heating wire. The sample and the metal disk of the blackbody radia- 
tion source are, respectively, heated by the electric heater connected to an 
automatic temperature control system so as to keep the same temperature 
between them. Temperature measurements are performed with two pairs of 
the same type thermocouples (copper/constantan, 0.076 mm in diameter). 
The thermocouple heads are, respectively, welded on the center of the 
sample or disk about 0.3 mm below the measured surfaces; and the thermo- 
couple wires are, respectively, passed through a small curved groove at the 
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Fig. 2. Schematic diagram of the sample holder and 
heater. (1) Thermocouple head; (2) lid; 13) sample; (4) 
electric heater; (5) metal box containing electric heater; 
16) thermocouple wires; 17) thermal insulation; 18) 
covering. 

back of the sample or disk to keep a good thermal contact between the 
sample or disk and the heater. 

2.3. Detection System 

The radiation from the sample or the blackbody is separately 
measured using a detection system, which is composed of a pyroelectric 
sensor, a preamplifier, a chopper, and a lock-in amplifier with analog 
recorder output. The radiation absorbed by the pyroelectric crystal is 
converted to heat, thereby altering the lattice spacings within the crystal 
and causing a change in the spontaneous electric polarization of the crystal. 
If electrodes on the surface of the crystal are connected through an external 
circuit, the current generated is proportional to the rate of change of the 
temperature in the crystal. Thus, a modulation of the incident radiation is 
necessary for the operation of the detection system. 

The most attractive features of the pyroelectric detector are its 
extremely wide spectral sensitivity and fast response. For our device, the 
spectral response of the pyroelectric detector is flat from 0.6 to 40/am, the 
noise equivalent power is 0.5x 10 - 9  W . n z  - i /2 ,  the detector area is 
3.14 mm 2, the working temperature range is - 2 0  to 40°C, and the radiant 
sensitivity is 2 x 1 0 6 V  . W t. The modulation frequency of the incident 
radiation is 10 Hz. 

2.4. Device System 

A schematic of the measurement system is shown in Fig. 3. Inserting 
the sample holder (2) (see Fig. 2) into the support (1) with the two rota- 
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Fig. 3. Schematic of the measurement system. [ 1 ) Support; (2) sample 
holder; (3) axis I; (4) axis 2; (5) sample; [6) diaphragm 1; 17) chopper; 
(8) diaphragm 2; (9) pyroelectric detector head and preamplifier; 
{10) lock-in amplifier and record. 

tion axes (3 and 4) perpendicular  to each other, we can revolve axis 3 or 
4 to change the azimuth angle ~p(0-360 °) or the polar  angle 0(0-75°),  
respectively. 

Two  d iaphragms are set on the optical path  to keep constant  the solid 
angle subtended by the detector when viewed from the center of the 
sample. 

Removing  the sample holder from the suppor t  and substi tuting the 
b lackbody for it, we can make  a measurement  of  the b lackbody  radiat ion 
on the same optical path. 

The  aper ture  d t of the d iaphragm (6) and the distance Li between the 
d iaphragm (6) and the detector (9) are variable so as to select an op t imum 
signal output.  In our  appara tus ,  d~ = ~b3-~b5 m m  and L~ = 100-150 mm. 

3. P R I N C I P L E  

Figure 4 is the calculation model  of the device. The energy dQs per 
unit time leaving the differential element dA~ of the sample surface and 
incident on the differential element dA2 of the detector is 

dQ~ = I~(O, ~p, T) dA ~ cos OdA2/S z (1) 

where Is(O, ~p, T) is the radiat ion intensity of  the sample at tempera ture  T 
in the direction 0, ~p. The angle 0 is measured from the direction normal  to 
the surface. The angular  position for <p = 0 is arbi trary.  S is the distance 
between the center of dA t and dA2, and is a constant.  

Obviously,  dA~ cos 0 =  dA. It is just the differential element area of 
aper ture  A of the diaphragm. Because A and A2 are constant  and A_, <~ S 2, 

as=[Is(O,~p,T)/S'-] I d A  f dA,_=(IJSZ)(A)(A2) (2) 
.4 ,4 2 
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Fig. 4. Calculation model of the device, dA~, dA,_, and 
dA---differential surface element of the sample, the detector, 
and the aperture of the diaphragm, respectively; d(o~differen- 
tial solid angle; 0--angle from the normal line of the sample 
surface; S--distance between the center of d,4~ and dA,. 

Similarly, the energy Qb per unit time leaving the blackbody and 
incident upon the detector is 

Qb = lib( TJ/SZ]( A )(A 2) (3) 

Besides Q~ and Qb, the environmental stray radiation Qo may also be 
received by the detector. Therefore, when the detector "sees" the sample or 
the blackbody, the total energy Q~o or Qbo received by the detector is, 
respectively, 

Q ~ o = Q s + Q o  

Qbo = Qb + Qo 

Marking the output signal of the detector by Ss and Sb, responding to 
Qso and Qbo, then 

Ss = R[Is(O, tp, T ) (A) (A2) /S  2 + Qo] (4) 

Sb = R[Ib(A  )(A2)/S 2 + Qo] (5) 

where R is an instrument constant. 
If the detector has an output signal So when neither the sample nor 

the blackbody is placed in the optical path, then 

So = RQo (6) 
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According to the definition of the directional emissivity, and from the 
coupled Eqs. (4)-(6), we have 

e,(O, qg, T )  = ( S s  - S o ) / ( S b  --  S o )  (7) 

The prerequisites on which Eq. (7) is founded are that (a) the uniform 
temperature of the sample surface and the disk surface act as a blackbody 
radiation source, (b) the temperature between these two components of the 
apparatus is the same, and (c) the effective normal emissivity of the heated 
metal disk with the mirror is equal to 1. However, the practical experimen- 
tal conditions deviate from the above-mentioned ideal conditions to some 
extent. In our apparatus, the maximum radial temperature nonuniformity 
of the sample or the disk surface is less than 1.5 or 0.5 K, respectively, 
when the surface temperature is at 600 K. The maximum temperature 
difference between these two components of the  apparatus can approach 
within 1.5 K using an automatic temperature control system with a preci- 
sion of 0.5 K. The shape of the radiation source emitting from the sample 
is changed from a circle, 4 mm in diameter, to an ellipsoid, 16 mm in major 
axis and 4 mm in minor axis, as the angle 0 of viewing increases from 0 to 
75 °. The test showed that neither the maximum temperature nonuniformity 
nor the maximum temperature difference between the two components of 
the apparatus increases with increasing 0. Moreover, the aperture of 
the diaphragm plays a very important role in keeping the solid angle 
constant and optimizing the radiance reaching the detector. Therefore, as 
the viewing angle increases, the radiance reaching the detector is related 
according to Eq. (7). 

4. RESULTS AND DISCUSSION 

4.1. Normal Total Emissivity of Several Metals and Nonmetals 
In order to check the reliability of the device, the normal total 

emissivity of a heavily oxidized stainless steel was measured by our device 

Table I. The Norma l  Tota l  Emissivi ty  of a Heavi ly  
Oxidized  Stainless Steel (at T= 600 K)" 

i 

1 2 3 4 5 6 7 8 9 

r., ( % ) 79.4 77.9 77.9 79.4 77.6 77.4 79.2 78.6 78.0 
e.. ( % )  78.4 

a 7.44 x 10 -3 

" i, test run number ;  ~:,, exper imenta l  results; e,, average value of e,; tr s t andard  error.  
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Comparison of the Normal Emissivity of Some Surfaces 
with the Results of Previous Work 

Measurement Literature 
Surface Ref. 

Material appearance T(K) r.. (%) T(K) r.. 1%) No. 

Gold Highly polished 403 2.08 403 1.8 5 
Copper Lightly oxidized 323 3.92 313 3.7 6 

343 4.00 
Aluminum Polished 373 4.00 323-773 4.0-6.0 7 
Stainless steel Clean 343 20.0  300-1000  22.0-35.0 8 
Plain paper 373 91.7 368 92.0 6 
SiC 373 93.3 373 93.0 9 
Copper Heavily oxidized 373 78.2 311 78.0 6 
Skin Palm 307 94.7 308 95.0 9 

300 95.0 8 

and by an apparatus  offered by the China National  Bureau of Standards 
[4] .  The experimental results for our  device are listed in Table I. It shows 
that the repeatability of the measured values is satisfactory and the 
maximum relative error, compar ing  our  result of 0.784 with the national 
s tandard value of 0.799, is less than 2%.  Some experimental results are 
listed in Table II and compared with those of the previous works; they 
show a good agreement. 

4.2. Directional Total Emissivity for Some Nonmetals  

The measurement results of the directional total emissivity for the 
heavily oxidized surface of copper  and stainless steel, SiC surface, and plain 
paper are shown in Fig. 5. The results show that the emissivity is almost 
constant  for 0 <  55 ~" and for 55 ~ ~<0~<75 °, the total emissivity decreases 
with increasing 0, and they are independent of angle co. The results are in 
agreement with those in Ref. 6. 

4.3. Influence of  Surface Roughness on ~(0, q~, T) 

Figure 6 shows the directional total emissivity for a polished surface of 
a luminum and a surface with mechanically fabricated V-grooves on the 
polished surface. The results show the following. (a) A behavior typical of 
polished metals in directional emissivity tends to increase with increasing 
angles of emission, and there is no dependence on the angle co. This was 
predicted by the electromagnetic theory long ago. (b) The directional total 
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Fig. 5. Angular distribution of the emissivity of some non- 

mctallic materials: ( • ) SiC; ( × ) hcavily oxidized stainlcss slccl; 

(m) plain paper; (O) hcavily oxidized copper. 
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Fig. 6. Influence of surface roughness and ~o on so: ( x ) polished 
surface of aluminum: ( • )  mechanical V-grooves on the polished 
surface at (p=0~; ( O )  mechanical V-grooves on the polished 
surface at (p = 90 ~'. 
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emissivity of the rough surface with regular V-grooves of 90 ~ angle running 
parallel to each other is greater than that of the polished surface and has 
a nonisotropic behavior at the surface. 

5. ERROR ANALYSIS 

In fact, in our apparatus, the maximum radial nonuniform temperature 
of the sample or disk surface, as indicated in Section 3, is so small (1.5/600) 
that the nonuniformity can be neglected. The output signal So can also be 
zeroed in the recorder due to the weak signal. Therefore, a formula for 
estimating the error of the method can be expressed as 

(6e/E) 2 ~< (6Ss/S~) 2 + (6Sh/Sh) 2 + (6eb/eb) 2 + 2(43T/T)  2 (8) 

Apparently, the first two terms on the right-hand side of Eq. (8) 
express the measurement errors of the output signal, Ss or Sh, respectively. 
The last two terms are, respectively, the errors due to the deviation of our 
blackbody from ideal conditions or the sample surface temperature from 
the reference blackbody temperature. 

For a heavily oxidized stainless steel at T = 600 K, 0 = 0 °, and cp = 0 ~', 
we have 

6Ss/Ss = 1/655, 6S/Sb = 1/845, &,b/e,b = 0.04 

(taken from Ref. 3), and A T / T =  2.0/600 

so &,/e <~ 0.045. 
For a highly polished gold at T =  403 K, 0 = 0 c, and ~p = 0 ~, we have 

6Ss/S s = 1/11, ¢~Sb/S b = 1/470, 6eb/et, = 0.04 

(taken from Ref. 3), and AT~T= 2.0/403 

so 6e/e ~< 0.10. 
Obviously, for the sample with a high emissivity, the major source of 

error is 6eb/eb, and for the sample with a low emissivity, the errors result 
mainly from 6Ss/Ss and 6eb/tb. 

6. C O N C L U S I O N S  

The test apparatus described here is well suited for routine measure- 
ments of the normal and directional total emissivity of solid surfaces in the 
range 300-600 K. It is very simple to operate and has a high precision. 
Comparison of our results with previous work given by other investigators 
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indica tes  a g o o d  ag reemen t .  T h e  m a c h i n i n g  and  g r ind ing  of  meta l s  can  lead 

to a d r a m a t i c  effect, resu l t ing  in a increase  in emissivi ty .  Thus ,  a surface with  

a d i rec t iona l  select ivi ty  of  r ad i a t i on  can  be o b t a i n e d ;  this k ind  of  surface is 

useful in app l i ca t i ons  re la ted to so la r  energy  and  space  t echno logy .  
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