
Univ
ers

ity
 of

 C
ap

e T
ow

n 

• 
S 0 L A R E N E R G Y C 0 L L E C T I D N 

U S I NG 

.. V E E - G R 0 D V E D S U R F A C E S 

by 

I 
JENS PETER KEMPER * 

-- Submitted to the University of Cape Town 

in fulfilment of the requirements for the 

degree of Doctor of Philosophy 

September 1977 

r ~~~·~~;~e:;:;--~;:-~~-- ··-. -- ---- -
' the right to reprodu h~n has been given 
1 . ce t 1s •hes· · 
·r or in part. Copyright . h Id' is in whole 
• _ 

15 e by the author. 
-. ~·-'-·-~-.__._ -

* Dipl.-Wirtschaftsingenieur, TH Karlsru~e, GBrmany 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

 

 

 

 

 

 

 

 

 

The copyright of this thesis vests in the author. No 
quotation from it or information derived from it is to be 
published without full acknowledgement of the source. 
The thesis is to be used for private study or non-
commercial research purposes only. 

 

Published by the University of Cape Town (UCT) in terms 
of the non-exclusive license granted to UCT by the author. 
 



ABSTRACT 

The thesis presented is a study of the absorption 

chara6teristics of diffusely and specularly reflecting 

V-grooved surfaces. Concepts are developad for the so­

called "apparent" absorptance of a V-groove cavity, as 

we 11 as for the 11 effective it abs or pt an c e of a V -grooved 

surface. These concepts are formulated in closed form 

mathematical equations,. which facilitate both the opti­

mization of V-grooved surfaces and their engineering 

design. 

In order to verify the theoretical analysis, 

experiments are carried out on 34 V-grooved bras~ speci~ 

mens. In addition, the experiments are meant to provide 

information about the behaviour of such surf aces used 

for solar energy collection. For that purpose, the 

s p e c i me n s . a r e ex po s e d t o s irn u 1 at 8 d s u n 1 i g h t , a n d t he i r 

effective absorptances,as well as their absorptioh effi­

ciencies,are detetmined by a calorimetric method. 

The highlights among the results are: 

1o V-grooves--carefully optimized and applied to. 

a solar energy absorbing surf ace--can raise 

its absorptance ~lmost to unity and improve 

its absorption efficiency. 
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2. Best performances at ~levated temperatures 

can be expected from using metal surfaces 

which are provided with specular V-grooves 
0 . 

having a small groove angle ( < 30 ) • 

3. The optimal groove angle is dependent on 

(1) the reflection properties of the sur­

face, (2) the absorptance of the surface 

material, and (3) the ratio of groove 

depth to width of land which occurs 

between grooves. 
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NOMENCLATURE 

(For quick access to the nomenclature a fold-out version 

is included after the appendices. 

Symbols cited in the lite~ature survey as well as common 

mathematical symbols are not listed to avoid confusion.) 

Symbol 

A 

A' 

a 

b 

d 

E 

projected surface area of specimen 

grooved surface area of specimen 

constant 

constant 

specific .heat capacity of glycol 

diameter of specimens 

depth of V-groove 

irradiance per unit area 

(radiant flux density) 

E' ( x , y ) 1 o c a 1 i r r ad i a n c e per u n i t s u r f a c e a r ea 

e error as defined in App. H 

F configuration factor (angle factor) 

f · blackbody function 

G of glycol 

H thickness of specimens 

i number of reflections 

K kernel of integral equation 

k quantity as defined by Eq. (36) 

L width of V-groove .side 

xi 

Unit 

2 m 

2 
m 

Wh/kg°C 

mm 

mm 

kg 

mm 

mm 
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NOMENCLATURE (continued) 

Symbol Unit 

L' width of V-groove side as shown .in Fig. 6 mm 

1 width of land between V-grooves as shown 

in Figs. 9 and 13 

. 
m 

n 

p 

q 

T 

t 

u 

w 

x 
x 

y 

y 

z 

a 

y 

6 

flow rate of glycol 

t°'tal number of V-grooves on a specimen 

pitch of V-grooves as shciwn in Figo 13 

heat transfer rate 

·temperature 

time interval 

thermocouple EMF 

width of V-groove opening 

dimensionless coordinate (x/L) 

coordinate 

dimensionless coordinate {y/L) 

coordinate 

coordinate 

absorptance 

substituted function as defined by 

Eqs. (14) and {16) 

substitution as defined by Eq. (15) 
I 

angle of reflection 

emittance 

absorption efficiency 

groove .angle 

mm 

kg/h 

mm 

DC 

sec 

mV· 

mm 

mm 

mm 

mm· 

deg 

% 
deg 
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NOMENCLATURE (continued) 

Symbol Unit 

wavelength µm 

dimensionless variable 

p reflectance 

Stefan-Boltzmann constant 

transmittance. 

radian,t flux lJ 

image ~ngle as shown in Fig. 6 deg. 

Subscripts / Superscripts 

a apparent · 

c cutoff 

d diffus~ 
' 

ef f effective 

i number of reflections 

1 losses 

rel relative 

s specular, or surface 

a abs cir bed 

0 ambient 

1 inlet of calorimeter 

2 outlet of calorimeter 

3 surf ace of specimen 
. * * quantity related to ( T 3 - T 0 ) 

auxiliary quantity 



CHAPTER 1 

INTRODUCTION 

1.1 ORIGIN OF THE PROBLEM 

In recent years, marked attention has been paid to 

radiation heat transfer in surfaces as a result of the 

growing interest in the utilization of solar ensrgy and 

the. de v e 1 op men t of so-ca 11 e d "s e 1 e ct.iv e" surfaces • A 1-

though all natural surfaces may be termed selective in 

the sense that their radiative properties are wavelength 

dependent, the term is also used to refer to an artifi-

cially increased ratio of total ~bsorptance for solar 

radiation to total emittance for infrared radiation. To 

achieve such selective properties, a number of techniques 

have been developed during the last 20 years. These. 

techniques are based upon the following piinciples: 

1. Selective absorption coatings 

2o Optical interference 

3. Dielectric reflectors 

4o Microporous surface textures 

5. Grooved or coriugated surfaces 

Since the ~reatest drawback to the usB of solar en-

ergy o0er conventional energy (at the present) is the 

long payback period, the collection of solar en~rgy must· 

be optimized on an economic basiso Of the fiv~- methods 

mentioned above, the grooving or corrugating of absorber 

1 
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surfaces offers great potential in this respect. 

Typically, as will be shown in the literature sur­

vey, grooves or corrugations are applied to metallic 

solar absorber surfaces in wedge or V-shaped profileso 

This configuration facilitates both the manufacturing 

process and a possible heat transfer analysis. Further­

more, a V-shaped metallic surface takes advantage of the 

effect that the moderate absorptance of metals increases 

almost to unity by multiple reflection (as. will be demon­

strated in this thesis), whereas their emissivity remains 

at a relatively low level. 

However, there is recent experimerit~l evidence [1] 

that the abbve effect is a function of parameters which 

have not been adequately investigated. It therefore 

ippears to be useful, particularly with respect to the 

design of solar collectors, to examine more closely the 

interdependence of such parameters, and to enable the 

performance of V-grooved absorbet surf aces to be opti­

mized. 

1.2 LITERATURE SURVEY 

The effect of surface texture on its radiation heat 

transfer properties did not receive signifi~ant attention 

before the middle of thi~ century. However, as fa~ as 

grooved surfaces of solid and opaque materials are con­

cerned, some early observations and fundamental experi-
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ments are noteworthy to demonstrate the development and 

limits of a theoretical approach to the problem. 

Probably one of the earliest references to the 

effect of surface texture was by P. Bouguer (1698-1758). 

Studying the reflection of sunlight from polished and 

rough s~rfaces [2], he observed that the intensity of the 

reflected light decreased with decreasing angle of inci-

dence,as well as with the degree of roughness. He ex~ 

plained the latter by assuming that the roughness of a 
p 

surface can be represented by little hemisheres as shown 

in his illustration: 

Bouguer's original 

illustration [2] of 

a rough surface. 

A beam of light falling on above surface suffers 

more than one reflection within the small hemispheres 

and is consequently attenuated. What is more, Bouguer 

concluded that this multiple reflection contributes to 

the heating of the surface. The present thesis will show 

that this observation is perfectly true. 



4 

Almost a century later, Bouguer 1 s discovery was in-

vestigated from a different point of view by J. Leslie 

(1766-1832). Leslie observed [3] that by grooving the 

surface of a heated metallic body, its emission of radi-

ant heat incr~ased in proportion to the extent of 

grooving. As a result of his experiments he stated that 

the absorptive power of a surface is proportional to its 

emissive power, and invers~ly proportion~l to its reflec-

tive power. This can be regarded as the simplified 

"Kirchhoff's Law", which was laid down 50 yearslater. 

However, Leslie 1 s statements may be e~pressed by 

using the proportionality factors c1 and c 2 , and by 

defining a factot K = f(surface texture) as follows: 

-· 

Etotal = c1 atotal = C1K asutface = K (c2/Psurface) 

The first theoretical explanation for Leslie's exper­

imental results was given by W. Ritchie [4] in 1824. 

Ritchie assumed that a cross section of a grooved surface 

could be represented by equilateral triangles joined 

closely tog~ther: 

--
A DB 
.--~vv--

Ritchie's original 

illustration [4] of 

a grooved surface. 
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By purely trigonometrical considerations for a 

single triangle he came to the following .conclusion. The 

heat QAB radiated from the o~ening AB of a triangular 

cavity is given by 

Q ) 
. ....1- ACB qBc OAc · · 

QAB = (QAC+ BC sin~-2- + (-2- + -2-)reflected 

and consequently almnst doubled since 

QAC = QBC 

. AACB . 300 
sin~-- = sin = 2 1/2 ' 

and since reflection on a metal surface can approach 

total reflection. Designating 4 AC8 as 8, Ritchie's 

conclusions may be ~xpressed as 

The similarity of this expression with Eq. (12) given in 

Chapter 2 is remarkable. 

Leslie's experiments, in conjunction with similar 

experiments carried out by M. Melloni during the period 

1838-1841 [5,6], H. Knoblauch in 1847 [7,8], and G. 

Magnus during the period 1B65-1869 [9,10], led to a note~ 

worthy controversy about what was causing the augment-

ation of the emissive and absorptive power of rough 

surfaces. Melloni and Knoblauch were of the opinion that 

the process of roughening ot grooving had reduced the 

density of the surface material and thereby given rise 

to an increased emission and absorption. Their basic 

idea was that radiation does not only emerge from· the. 
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outer surface,but also from layers inside the material. 

Using a similar concept Magnus, on the other hand, 

believed that a grooved surface (which he assumed to be 

saw-tooth shaped) reduces the index of refraction for 

thermal radiation. This reduced refr~ction "index, espe-

cially of metals, he regarded as b~ing responsible for 

the observed ihcrease in emission. 

The controversy continued, but research gradually 

resumed along the path of Ritchie's work in. an effort 

to find a surface geom~try which might be representative 

of a grooved surface as a whole. 

In the search for an ideal and neutral receiver 

for radiation (black body), c. Fery in0estigated in 1909 

[11] a corrugated surface made of wedge-shap~d cavities 

blackened on the inside. He believed that each beam of 

rays having entered a cavity was subject to the same 

interreflection pattern, irrespective of its loc~tion of 

incidence: 

K 

l 

Fery's original illustration 

[11] of multiple reflection 

in a wedge-shaped cavity. 
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In this way the absorptive power of the cavity was sub-

stantially increased, an effect which Fery explained as 

follows: Assuming that the number of reflections suffered 

by a single ray is N = 180/a , where a is the angle at 

the vertex of the cavity, he stated that the reflective 

power of the cavity is KN , and the 

Abs~rptive power = 1 - KN. (1) 

It is intaresting to note that Eq~ (1) is identical 

to Eq. (38) which is set up for a cavity with specular 

sides and does not hold for blackened sides as assumed 

by Fery. 

That Fery was mistaken in treating a black surface 

as being specular was realized by C. E. Mendanhall in 

1910 [12]. Mendenhall carried out similar experiments on 

V-groove cavities made of platinum s.trips. Trying to 

find out how closely the radiation from the inside of his 

cavity approximated that of a black body at the same tern-

perature, he defined an effective absorbing power, A, for 

two different cavities. For a cavity with specular sides, 

he. agreed with Fery)s eq~ation, which he wrote in the 

form 

A = 1 -
n 

r • 

ror a cavity with a matt.surface, Mendenhall could only 

~ive an estimate of the average absorbing power by con-

sidering the diffuse reflection pattern at the centre of 
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the cavity sid~. His estimate may be rewritten in a 

general form: 

a ff= a 'd [1-P .d (1- arctan(sin 8/(cos 9-0,5))./180)]"".'
1 

(2) e si e si e 

Inspection of Eqs. (2) and (30) reveals a remarkable 

similarity, the only difference being the last term. 

This term in Eq. (30), (1 - sin 8/2), is a configuration 

factor, which was not known at that time, but which is 

well approximated in Eq. (2). 

As mentioned at the beginning of this survey, radi-

ation heat transfer properties of grooved surfaces 

received intensified attention after the 1960's. As far 

as V-grooved surfaces are concerned, the main interest 

~ertained to questions of their thermal emissivity or 

heat emission [13-22]. Only a few papers are known 

dealing with the absorption characteristics of V-grooved 

surfaces or V-groove cavities, though these are similar 

to the emission characteristics. 

The first, and probably the only mathematically 

exact analysi~ of thermal radiation absorption in single 

V-groove cavities was given by E. M. Sparrow and s. H. 

Lin in 1962 [23],with reference to a preceding analysis 

of 1961 [24]. Sp~rrow and Lin gave consideration to cav-

ities whose sid~s are either diffuse or specular reflec-

tors (receiving radiant energy in a diffuse form dr as a 

bundle of parallel rays). Since the latter problem is 
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the object of this investigation,Sparrow and Lin's results 

will be summarized in some detail: 

As far as parallel rays entering a 'specular cavity 

are concerned; Sparrow and Lin followed Mendenhall's 

results by defining an "apparent" absorptivity, ct , of a a· 

cavity, such that 

a 
a 

i· i = 1 - Ps = 1 - (1 - a) • 

Realizing that the number of reflections, i, is depend-

ent on groove angle, 9, and angle of incidence, y, they 

extended Eq. (3) into 

a. = a 

[ ( 1 - ( 1 -a ) i 
1 

-
1 ( 1 -a ( s i n ( ( l ' - ~) 9 + y) ) / s i n ( !+ y) ) s i n ( ~+ Y) 

+ ( 1 - ( 1 -a) i 
11 

-
1 ( 1 -a (sin ( ( i" - ~) 9 -y) ) / s i n ( !-y) ) s i n ( !-y) ] 

e -1 
x (2 cos y sin 2) . 

' 

(3) 

(4) 

As far as diffuse reflecting cavities are concerned, 

they considered the energy locally incident per unit sur-

face area, the integration of which resulted in the total 

incident energy per cavity side. This led to a pair of 

dimensionless integral equations, 

1 
' g(ri) =a+ p I f(s) dFri-s' (5) 

0 

whose solution was obtained numerically for certain a and 

9-values •. With this solution the apparent absorptivity 
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·. 

1 0 

could be evaluated by performing the integration 

( 6) 

Some final results are shown in App. A and are replotted 

in Fig. 2 ; they will be discussed in more detail in 

Section 2.2.1o4 • 

Sparrow's method of analysing the heat t~ansfer 

behaviour of V-shaped (and similar) cavities became the 

underlying printiple for all further theoretical investi­

gations. Recent work [16-22] has been merely a refine-

ment of Sparrow's approach with respect to various sur-

face propertieso 

The· us~ of V-grooved or V-corrugated surfaces for 

solar energy collectors--particularly for solar air 

heaters--was suggested for the first time by H. Tabor in 
I 

1957 [25], and has since been studied by teams in France, 

Australia, Israel, and U.S.A. 

Trombe and Foex in France .demonstrated in 1958 [26] 

that the peculiar radiative characteristic of polished 

zinc (very low emissivity in the infrared and moderate 

absorptivity in the visible spectrum) tould be favour-

ably utilized for solar air heaters. Folding the zinc 

absorber plate into, for example, 30° Vees,would result­

in an effective absorption of more than 90%, and the 

emission loss w~uld be not more than 10-15% at a working 
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temperature of 100 C. 

1 1 

A different aspect of V-corrugated absorbers for 

solar collectors was studied by K. G. T. Hollands [27] 

and D. J. Clo~e [28] in 1963 in Australia. Hollands uti-

lized the directionally selective properties of a V-groove 

to optimize the absorptive power, taking into account that 

the solar radiation over a year is directional in charac-

ter. Realizing that the sun's incidence angle throughout 

the year is 50% more often in the range.15 to 30 deg than 

it is within the range 0 to 15 deg, he defined an average 

yearly solar absorptance a as follows: sy 

a = [2a(71°) + 3a(22-2
10 )]/5 sy 2 

The additiohal application of a spectrally selective 

coating wbuld make such a selected V-corrugation both 

directionally and spectrally selective. 

(7) 

In a theotetical design ~tudy of solar air heaters, 

Close demonstrated that a V-corrugation, designed accord-

ing to Holland's principles and having a heat tr~nsfer 

surface double that for a flat plate, would be superior 

to flat black and flat selective surfaces under all test 

conditions. 

The fact th~t a V-corrugation of an absorber plate , 

whilst increasing the collector efficiency, also involves 

higher costs of material, was pointed out by W. W. s. 

Charters in 1972 [29]. Using a computerized analysis for 
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two different types of V-corrugated (Height = 5 cm) ait 

h~aters, Charters investigated the heat gain per unit 

actual surface area, thus taking into account the amount 

of material required to fabricate the absorber plate. On 

this basis the performance of a 120° V-corrugation turned 

out to be most economical; but such a wide-angled grciove 

has little advantage over a flat surface as will be shown 

later. 

Up to this point, all the work discussed has in­

vnlved large V-grooves (in the order of centimetTes). 

These grooves are normally manufactured by the bending of 

she~t metal, and typical applications include their use 

in air heaters. For some solar applications, however, 

smaller grooves (in the order of millimetres) are found 

to be more suitable. This is particularly true if 

grooves are to be cut into thin surfaces. 

Only two experimental investigations of very small 

V-grooves are known so far, the first being reported by 

C. P. Butler et al. in 1962 [30]. Their report is con­

cerned with the selection and testing of surfaces which. 

exhibit spebtrally selective properties suitable for 

conversion of solar radiation to sensible heat. Among 

others, a micro-V-grooved surface was produced by p~es­

sing an assembly of 250 razor blades into a gold speci­

men. It was shown, by exposing both a flat and a grooved 

goLd specimen to si~ulated sunlight, that the effective 
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absorptance and emittance had increased approximately as 

predicted. These results will be discussed in more .detail 

in Chapter 5. 

A different Llse of small V-grooves (width= 1,5 mm) 

was reported by O. Ll. Clausen and J. T. Neu in 1965 [31]. 

By blackening one side of specular aluminium V-grooves, 

they obtained a strongly directional absorption charac-

teristic, which could be utilized for the thermal control 

of space vehicles. The experimental absorptance data 

0 0 . 
(for 45 and 60 groove angle) ware calculated from re-

flectance measuiements taken on a modified spectrometer. 

Fin~lly, woik has recently been re-initiat~d into 

the use of V-grooves as solar concentrating devices [32-

39]. This form of application, although based upon the 

above principle of interreflection, is beyond the scope 

of the present investigation, and therefore no details 

are presented. 

1.3 OBJECTIVE 

The preceding literature survey is not' intended as 

a complete review of publications ~elated to this work, 

rather it should become evident that -

1. Theoretically, V-grooves or v~corrugations 

applied to solar energy absorbers are suitable 
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means for increasing the absorptive power, an 

effect, however, which does not always results 

in a worthwhile improvement of the overall 

absorption efficiency; 

2. Closed Form Mathematical Formulae describing 

the above effects, and suitable for engineering 

use, are not available; 

3. Very little attenticin has been given (theoret~ 

ically and experimentally) to the impact of 

·small V-grooves on the radiation heat transfer 

properties of a real surf ace to which they are 

applied. 

In view of this information gap, the. aim of the 

piesent investigation is as follows: 

In Chapter 2 , closed form theorelical formulae will 

be developed, describing the absorption chatacteiistics 

of diffusely and specularly reflecting surf~ces. The 

applicability of these formula~ in an engineering sense 

will be taken into account. 

An experimental verification of the formulae derived 

will be presented in Chapter 3 and Chapter 4 • For that 

purpose, the absorption characteristics of ~pecially 

prep~red V-grooved brass specimens will be investigated. 
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It is worth mentioning that J. Leslie stated already in 

1804 

" ••• that the propellent power (of a grooved 

surface) increases in proportion as the 

scratches or striae become multiplied on the 

surface. There is no doubt some limit where 

the effect reaches its maximum, and which 

might be discovered, by having plates of metal 

manufactured ·with a variety of delicate f lut­

i ngs 11 [3, p. 82] • 

It will be shown that such maxima exist and that the 
·r 

prepared V~grooved metal surfaces, acting as an absober 

for sunlight, behave largely as theoretically predicted. 

In addition, the advantage of V-grooved surfaces for 

solar energy collection will be demonstrated. 



CHAPTER 2 

THEORETICAL ANALYSIS 

2.1 INTRODUCTION 

It has been shown in Chapter 1 that the radiation 

heat transfer properties of a V-grooved surf ace are gov-

verned by the overall absorption and emission of single 

V-groove cavities of whi~h the surface is composed. 

Moreover, the absorption of radiation within such a cav-

i ty is governed by an apparent absorptance, a , which a 

exceeds the absorptance, a, of the surface material. 

It will be shown in Section 2.2 that, ideally, a a 

is a function of surface absorptance, surface reflectance 

and groove opehing angle: 

a = f(a, P, 8) a 

In the following Section 2.3 this functional dependence 

will be extended to make allowance for a real V-grooved 

surface. 

At this point, it is appropriate to give consid-

eration to some assumptions under which the forthcoming 

analysis of radiation ihierchange is. carried out. These 

are: 

1 6 
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(I) The surfaces are "semi-gray" 

(II) The reflBction from any ~urface is 

either diffuse and hemispherically 

uniform,or specular and unidirec­

"tional 

(III) The V-groove cavities are perfect 

axially symmetric 

(IV) The irradiahce is uniform and normal 

to the opening of a cavity 

To item (I): 

Engineering heat transfer calculations, for exam-

ple, are usually carried out Gnder the assumption that 

the participating surfaces are gray, i.e., 

This gray-body ass~mption is reasonable, but it may cause 

serious errors if the wavelength range in which the 

absorption occurs is broad and very different from that 

in which the reradiation (emission) takes place. This is 

usually the case in solar energy collectors, where the 

peak emission of solar radiation to be absorbed occurs at 

0,48µm (6000 K) whereas the peak emission of reradiation 

at, say, 400 K occurs at 7,24µm. Thus a and € should be 

treated seperately and monochromatically or at least in 

a semi-gray approach assuming that a and € are constant 

within certain spedtral bands. 
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However, as far as the present investigation is 

concerned, it is assumed that a is constant within the 

solar spectrum, and E is constant within the temperature 

range under consideration~ 

The advantage of the fact that, in general, 

a(T ) ~ e(T ) . s s 

is that large practical a/€ ratios are attainable. For a 

surf ace receiving solar energy this may be achieved by 

making provisions for both a low operating temperature 

and a low emittance of the absorbing material. Simulta-

neously increased absorptance will then be an additional 

advantage. This will be discussed in more detail in 

Chapter 5 • 

To item (II): 

The reflective properties of a plane surface are 

more complic~ted to specify than. either the emittance or 

absorptance. This is because the reflected energy depends 

not only on wavelength and direction being considered for 

the reflected energy, but additionally depends on the 

angle at whi6h the incident energy imping~s cin the sur-

face. Thus the assumption that the reflection fiom any 

participating surface is both independent of the wave­

length within the solar spectrum and perfectly diffuse or 

perfectly specular provides two special cases, which 

facilitate the calculation of radiation interchange. 
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It can be expected that the above assumptions do 

not produce .serious errors on two conditions: firstly, 

a is considered as being the total averag~ sbiar absorp­

tance, and, secondly; the purely diffuse or specular 

propertie~ are considered as being the limiting cases· 

for any real surface property. The latter will be ex­

plained in more detail in Section 2.2.1.4. 

To ite~ (IV): 

The assumption that the V-groove cavities are irra­

diated by parallel rays normal to the opening of a cavity, 

is also a special caseQ That this ,is the optimal case 

with respect to the absorptive power of a ca0ity may be 

seen in App. A, which shows a copy of the results ob­

tained by Sparrow et al. [23], as mentioned in the lit­

erature survey. Inspection of App.~ reveals that, in 

general, the absorptive power of a V-groo0e cavity de­

creases with either increasing angle of incidence or 

when diffusely irradiated. This holds for both specu­

larly and diffusely reflecti~g surf~ces. 

2.2 ABSORPTION IN V-GROOVE CAVITIES 

Subject to the assumptions mentioned above, the 

following analysis refers to cavities having either per­

fect diffusely or perfect specularly reflecting sides. 

The diffuse cavity will be analysed first. 
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2.2.1 Apparent Absorptance of Diffuse Cavities 

2.2.1.1 Fundamental Equations. The apparent absorp­

tance of a V-groove cavity may be defined as 

a· a 
= total radiant energy absorbed withih the cavity 

total radiant energy entering the cavity 

total absorb~d .radiant flux 
= irradiance x cavity aperture area ' ( 8) 

.and with reference to Fig. 1 

E 

9/2 

a 
a 

A-4,.---pE' (y)~· __ ___,_ 

• 

·Figure 1. Fundamental configuration 

of a V-groove cavity. 
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The total radiant flu~, ~a, absorbed per unit length of 

the cavity is obtained .by integrating th~ absorbed local 

irradiance, a E 1 (x) and a E '(y) , over the surface of the 

.!£. = a ( z 

L . L 

I E'(x) dx + r E'(y) dy) 
O'' O.J 

( 10) 

Because of assumptions (III) and (IV) made in Section 

2 •. 1 , bot h ca v i t y s i d es r e c e i v e a n e qua 1 am o u n t of r ad i -

ant flux making the integrals in Eq. (10) identical. 

Hence it follows that 

~ - a 2 
L . 

J E'(x) dx 
0 

and using Eq~ (9) 

z 

a = a a 

L 
2 J E'(x)dx 

E w • ( 11 ) 

The calculation of a from Eq. ( 11) requires only a solu­
a 

tion for the function E'(x) since--in general--all other 

quantities are known. 

Referring to Fig. 1 , the local irradiance, E' (x), 

on one cavity side may be expressed as the sum of direct 

irradiance, E sin 8/2, plus that fraction of total irra­

d i an~ e , J E 1 ( y) , which is diffusely reflected from the 
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opposite side and which strikes location x 

L 
E'(x) = E sin 8/2 + p r E'(y) dF (12) d , dx-dy 

y=D 

T he co n tr i b u ti o n o f em i s s i o n , e: cr ( T ~ - rci ) , i s le f t o u t o f 

consideration. This is.po~sible because it is the object 

to determine only the amount of incoming energy which is 

ultimately absorbed within the cavity •. Clearly, it may 

be assumed that the energy absorbed by the cavity walls 

is immediately extracted, so that Ts = T 0 , i •. e., no 

emission occurs. 

The term dF dx-dy in Eq. (12) represents the con~ 

figuration factor (angle factor) for diffuse radiation 

interchange betwee~ two infinitely small strip elements 

dx and dy ~ithin an infinitely long V-groove cavity. 

This factor is derived in full details in [ 40] .and is 

defined as 

dFd.· d x- y = 
2 sin 8 

2 
2 2 (x + y 

x y d 
. . 3/2 y • 

2 x y cos 8) 
(13) 

To simplify the notatioh, the following dimension-

less substitutions may be introduced: 

~(X) = E'(x) 
E sin 8/2 (14) 
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s·(v) = E'(y) 
E sin 8/2 

where x = x/L 

y = y/L 

. 2 8 
y 

Pd sin 
( 15) = 2 

Using the above substitutions as well .as Eq. (13), inte­

gral equation (12) can be rewritten in the following 

form: 

S(X) 
1 

= 1 + Y s S ( Y) . X y dY 
0 (X 2 +Y 2 -2XYcos8) 3/ 2 

Eq. (11) can also be rewritten as 

Since 

a = a a 

1 
E 2 L s in 8 / 2 J S ( X ) d X 

E w • 

w = 2 L sin 8/2 , 

(16) 

(17) 

·as may be seen by ihspection of Fig. 1 , it follows that 

. J1 
aa = a . S(X) dX 

0 . 

Inspection of Eq. (18) (in contrast to Eq •. (11)) 

. reveals that the functional dependence of a has been a 

(18) 
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reduced to 

a a = f (a , ~ ( X ) ) = f (a , pd , e ) • 

Again, the calcuiation of a from Eq. (18) requires a 

only a solution for the dimensionless function ~(X)f pro-

vided that the material properties a and ~ are known. 

Integral equation (16) in its dimensionless form 

with the symmetric kernel 

K(X, Y) 

has received considerable attention in the literature. 

This is because it represents a standard integral equa-

tion of the second Fredholm type, whose solutio~ can be 

obtained by various approximate methods. A numerical 

approximation using an iterative process, which is spe-

cifically applicable to the present problem, has been 

performed by Sparrow et al. [23, 24] (cf. p. 9/10). 

Engineering calculations, however, would be greatly 

facilitated by a simple--but exact--mathematical solutidn 

which, unfortuhately, does not appear possible. 

To by-pass this problem, a differen~ mathematical 

approach Will be presented in the following sections 

leading to a straightforward closed form solution. This 

solution is based on .the superposition bf two boundary 

solutions, which are obtained for two singular points of 

integral equation (16). 
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2.2.1.2 l2_oundary Behaviour. Integral equation (16) 

can be rewritten by means of the substitutions 

y x = ~ 

dY = - ~ ds 
g2 

as follows: 

[3 ( x) = 1 Ix [3 ( x) 1 d s 
- Y I (i:-2· i:- e)3/2 

CD · ;, + 1 - 2 ;, COS 

(19) 

A singular point of this integral equation is the irradi­

. ance at the vertex of the cavity, which can be obtained 

by setting x/L = X = 0 (cf. Fig. 1): 

[3 ( 0 ) r
o 1 

= 1 - y[3(o) 2 372 ds 
m' (s-+1-2scos8) 

(20) 

A direct evaluation of the integral in (20) ~nd solving 

for [3(0), as carried out in App. C-2, is now possible and 

results in 

~ ( 0) = 
1 ( 21) 

1 - pd/2 (1 + cos e) • 

A second singular point exis~with regard to the 

irradiance, [3(x = L), at the upper rim of a cavity side. 

A s o 1 u ti o n for ~ ( x = L ) may b e o b t a i n e d b y ·ma k i n g us e of 

the additional substitution X = g in integral equation 
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(19) leading to 

. s 1 
= 1 - Y ~(1) f 2 3/2 ds. 

m' ( s + 1 - 2 s cos 8) 
(22) 

Evaluation of the integral in (22) and solving for ~{1) 

if s = 1 , as carried out in App. C-3, results in 

~ ( 1 ) - 1 - pd/2 (1 - sin 8/2) • 
1 (23) 

With these singular-point-s~lutions (21) and (23), 

the local apparent absorptance of a V-groove cavity at 

its boundaries can be bbtained by inserting (21) and (23) 

respectively into Eq. (18) : 

a (24) a a,x=O = 1 pd/2 ( 1 cos 8) - + 

a a (25) a,x=L = 1 pd/2 ( 1 sin 8/2) -

An estimate for the validity of Eqs. (24) and (25) can be 

made by considering an infinitely smal1 cavity (8 = o0
), 

which, theor~tically, approximates a black body. Solving 

the above equations for 8 = o0 and a= 1 yields 

a = a = 1 , a,x=O a,x=L 

as is to be expected. On the other hand, solving Eqs. 

(24) and (25) for 8 = 180°' i.e.' for a flat plate, 
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also as expected. 

a a,x=O 

27 

= a . = a;X=L 
ex; 

' 

It will be shown in the following sectioh that frcim 

the foregoing solutions referring to the cavity bound-

aries, a combined splution for the entire cavity can be 

deduced by superposition. 

2.2.1.3 Superposition of Bouhdary Solutions. 

Equations (24) and (25) can be written alternatively by 

making use of the fact that a = 1 - P : 

2a (26) a a,x=D = 2 ( 1 a) ( 1 8 ) - + cos 

a 2a (27) . a, x=L 2 - ( 1 a.)(1 - sin 8/2) 

A graph for these two equations is plotted in Fig. 2 

assuming a surface absorptance of a= o,s (see curves A 

and B). Fig. 2 shows clearly a general increase of the 

apparent absorptance with decreasing groove angle, the 

.so-called "cavity effect''· Curves A and B demonstrate 

that this cavity ef fe6t is much greater at the vertex 

(where a approaches unity with respect to curve A) ~han a 

it is at the orening of the cavity~ 
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It is noteworthy that even a highly simplified mod-

ification of the problem leads to a useful solution, 

which is represented by curve E in Fig. 2 and plotted in 

full in Fig. 4. This solution has been obtained as 

follows: 

Assuming that the local irradiance is constant over 

the sides of the cavity, i.e., 

E'(x) = E'(y) = constant 

integral equation (12) can be reduced to 

E'(x) = E sin8/2 + pdE'(x) (1 - sin 8/2). (29) 

The term (1 - sin 8/2) represents the configuration fac-

to~ for diffuse radiation interchange within an infi­

nitely long V-groove cavity and is given in full details 
. . 

in [40]. Solving Eq. (29) for E'(x) and using (11) and 

(17) leads to 

a.a = 1 - ( 1 
a 

a) ( 1 sin 8/2) • (30) 

lJith reference to Fig. 2 (see curve E), it is obvious 

that Eq. (30) provides a useful formula valid for groove 

· angles in the range of 30° < 8 < 180°. The following 

Section 2.2.2 and some experimental results will show 

that Eq. (30) ·is also a good approximation, as far as 

g~oove angles 8<30° and real surfaces w1th specular com-

pone~ts are concerned. 
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2.2.2 Apparent.Absorptanceof Specular Cavities 

2.2.2.1 Basic Reflection Pattern. The surfaces 

under consideration in this section arB mirrorlike or 

specular, i.e., an unidirectional beam of radiation 

striking a specular cavity wall is assumed to be partly 

absorbed and partly reflected according to the well-

known laws of reflection. L.Jith reference to Fig. 5, it 

may be seen that a beam of radiation, E, entering a V­

groove cavity with an opening angle of, say, 8 = 45° suf­

fers four·reflections. After each reflection, the 

E 

9/2 + 39 
8/2 

Figu~e 5. Reflections in a specular 

V-groove cavity .• 
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original power, E sin 8/2, is reduced to 
i .· 

p E sin 8/2 s if 

i denotes the number of reflections up to this point. 

The fraction a psi E sin 8/2 is absorbed at each surface 

contact. Hence it appears that the apparent absorptance 

of a specular cavity is governed by a multiple reflection 

pattern, so that 

a = f (a ' p ' i ' 8 ) • a s 

Furthermore, it may be seen from Fig. 5 that the reflec-

tion angle, 6, after i reflections is 

o. = 8 /2 + (i - 1 ) 8 = ( i - 1 /2) 8 • 
l 

A necessary condition for the last reflection to .take 

place is 

(i - 1/2) 8 < 180°. 

Hence, the total numb~r of possible reflections is given 

by the following expression: 

i (integer) < 180°/8 + 1/2 (31) 

With this basic infcirmation~ a fromulation of the appar­

ent absorptance can be carried out as follows: 

2.2.2.2 Absorptance as Stepfunction. Adopting the 

def ini t.ions given in Section 2. 2 .1 .1 , the apparent 

absorptance of a specular cavity can ~e expressed id~n-

tically to Eq. ( 11) : 
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L 
2 f E'(x) dx 

0. . 
E w 

Since the local irradiance, E'(x), can be consid-

ered to be composed of two distinct functions E~ and E~ 

Which are valid for and constant over the intervals 

0 < x 1 < L 1 and L' < x 2 < L res p e c ti v el y , E q • ( 11 ) can be 

reduced to· 

a a = a 
2 L (E~ + E~) 

E w 
(32) 

Referring to Fig. 6, E~ denotes the irradiance on the 

fraction LVL of a cavity side for which ~11 inciident 

b ea ms o f r ad i at i o n s u f f e r i r e f le c t i o n s , w h er ·ea s EI 
2 

denotes the irradiance on the fraction (L '""L' )/ L of a· 

cavity side for wh.lch all incident rays suffer i - 1 

reflections. Using these informations, it can be shown 

(cf. Figs. 5 and 6) that 

and 

E I 
1 

2 . 
= (E sin 9/2 + p E sin 9/2 + p E sin 9/2 + s s 

... 

E2' = (E sin 9/2 + p E sin 8/2 + p2 E sin 8/2 + s . s 

i-2 . I ) L - L' • • • + Ps E· s i n 8 2 -C-

Inserting the sum of the above equations, E~ + E~, 

(33) 

(34) 

into 
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Eq. (32) after rearrangements, as carried out in App. C-4, 

yields 

·a . ( · ) i-1 ( L' =1- 1-a 1-a-L). ·a 

Figure ~. Mirror image of reflection in 

a specular V-groove cavity. 

(35) 

The term L' / L in Eq. (35) can be evaluated with 

reference to Fig. 6. By applying th~ law of sines to the 

mirror image triangles, which are formed by both an ihti-

dent and outgoing ray, it can be shown that the following 

proportions hold true: 
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z L 
s i n c 18 o _: ( i - 1 7 2 ) e = sin (180 - cp) 

z . L' 
sin 8/2 = sincp 

Solving for z leads to 

L' 
[ 

= sin (i-1/2) 8 = 
sin 8/2 .k • 

Since it is obviously necessary tha:t L'/ L ~ 1 , the factor 

k is to be evaluated as follows: 

k = 

Hence it follows: 

sin (i - 1 /2) 8 
sin 8/2 

1 otherwise. 

if< 1 
(36) 

a = 1 - ( 1 - a) i-1 ( 1 - k a) · 
a (37) 

This is the final expression for the apparent absorptance 

of a V-groove cavity with specularly reflecting sides 

subject to the assumptions made at the beginning of this 

chapter. With respect to the restrictions given by Eqs • 

. (31).and (36), Eq. (37) is plotted in Fig. 7 for various 

surface absorptances. The s te pf u net io nal character of a a 

will be discussed in the following section. For compar-

ison purposes, Figs. 3, 4 and 7 are replotted on trans-

parencies in App. 8. 
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2.2.2.3 Discussion. The ch~racteristic of Eq. (37) 

is illustrated in Fig. 8 with regard to two intervals for 

8 ; [ 60°< 8 <72°] and [ 72°~8S:9o 0 ]. For some. groove 

angles within these inte~vals,reflection patterns have 

be-en drawn: 

\. \ ' 
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\ 
\ 
\ 
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\ 
\ 
\ 
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I 

Figure 8. Reflection patterns in specular 

cavities with groove angles of 
0 0 0 0 0 0 

8 = 6 0 ' 6 6 ' 7 2 ' 7 8 '. 8 4 ' 90 • 

Inspection of Fig. 8 shows that parallel rays.·with nor-

mal incidence on a specular V-groove cavity with an 

opening angle of 60°<8<72° are reflected two or three 

times depending on the region of incidence. In short: 

a - f(i 8) 
a,a=const~ - ' 

F . 1 ' f 72°/8/90° or groove ang es o ~ ~ the same rays are 
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reflected twice, and bnly twice, i.ndependently of their 

location of incidence, i.e., 

a = constant • a,a=const. 

Hence it appeais that for a wide range of selected groov~ 

angles, as· for instance 8 = 120°, 90°, 60°, 45°, 30°, 15°, 

aa can be calculated by using the simplified form of 

Eq~ (37) which is 

a = 1 - (1 - a)i a 

Eq. (38) holds only as long as (cf• (36)) 

sin (i - 1/2) 8 >sin 8/2 

(38) 

and is identical to those widely used in literatu~e (cf~ 

Eqs. (1) and (3)). 

2.3 ABSORPTION BY V-GROOVED SURFACES 

2.3.i Effective Absorptance 

Although it is tatitly assumed in Figs. 3, 4 and 7, 

it is obviou~ that the underlying equations can not hold 

for a groove angle of 0 8 = 0 ; such a groove does.· not 

exist. Theiefore, the absorptance of a surface being 

composed of V-grooves can not increase to unity with 

groove angles decr~asing to o0
• What is more, a variety 

of experiments, of which a selection will be presented in 



41 

Chapter 4, has shown that the absorptance of a V-grooved 

surface does not agree with theoretical values calculated 

from Eqs. (28), (30) or (37). It was found that this was 

particularly true for small grooves and due to the finite 

lands· which appear between them (cf. App. F). These una-

voidable lands, whose percentage of the total prbjected 

surface area increaseswith decreasing gr6ove angle, 

affect the overall absorption characteristic and must be 

taken into account. 

d tan 0/2 

Figure 9. Cross section of a 

V-grooved surface. 

The presence of lands is illustrated in Fig. 9 , 

which shows bhat the absorptance of a V-grooved surf ace 

is compcised o~ both the apparent absorpt~nce, a
8

, of 

groove openings, w, and the absorptance, a, of lands l • 

Allowance for this may be made by defining an effective 

absorptance, so that 

a:. = ·. ef f a 
a 

w 
l+w 

l 
+ a l + w (39) 
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It is convenient to express w in terms of groove 

depth, d, and groove angle 8 , parameters which represent 

manufacturing data. Hence, with w = 2 d tan 8/2 (see 

Fig. 9 ), Eq. (39) can be re.written and rearranged, so 

that finally 

aa2¥tan!+a 

1 + 2 ¥tan! 
(40) 

This is a general expression for the effective abs6rp-

tance of a V-grooved surf ace and may be applied to the 

preceding results as shown in the following sections. 

2.3.2 Optimization of Parameters 

Equation (40) is plotted in Fig. 10 assuming dif-

fuse surf ace propef ties as well as three given values for 

a and two different values for d/l respectively. 

Inspection of the six resulting curves reveals that their 

peaks shift towards smaller groove angles with decreasing 

a and increasing d/l. · It can be shown that this trend 

is also true.for specularly reflecting surfaces. Indeed, 

in order to achieve a high effective absorptance bf a 

V-grooved surface having a given surface absorptance, a, 

a small groove angle is requirsd, and very little land 

should be left between grooves (high d/l ratio). 

leads to an optimization problem fo~ aeff since 

and d/l are interdependent quantities. 

This 

e, a 
a 
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Figure 10. Effective absorptance of 

diffuse V-grooved surfaces; 

plotted for 3 values of a 

and d/l = 100 (upper curves) 

and d/l = 5 (lower curves). 
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The optimization of aeff may be facilitated by 

using the nomographs in Figs. 11 and 12. These nomo-

graphs .are a graphic representation of Eq. (40) being 

optimized for reasonable intervals of the variables a, 

d/l and 8 • In other words, the grid intersections 

represent the peaks of the pertinent curves, of which six. 

are plotted in Fig. 10. Consequently, Figs. 11 and 12 

provide a means to determine the optimal groove angle for 

the highest possible effective absorptance of diffuse or 

specular V-grooved surfaces,subject to a given surface 

absorptance, a, and d/l - ratio. 

2o4 SUMMARY 

It has been shown that the effective absorptance of 

V-grooved surf aces is basically governed by the f~rmula 

( 40) : 

d 
aa2Ttan8/2 +a 

1 + 2 ~tan 9/2 

The main variable a depends on a and 8 and is also a 

a function of the reflective propetties of the surface. 

material. In summary, a ·is given as follows: a 

1a If all parts of the surface reflect diffusely: 

(28): a 
a 

1 . 1 
=a (2 - (1 -a)(1 +cos 8) + 2 - (1 "-a)(1 - sin 8/2)) 
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2. · If all parts of the surface reflect specularly: 

( 3 7) : a = 1 - ( 1 - a) i-1 ( 1 - k a) 
a 

The parameters i and k are given by Eqs. (31) ~nd 

(36) respectively. 

3e .If the reflectance of the surface comprises both 

diffuse and specular co~ponents, a may be eval­a 

uated by means of a suitable interpolation between 

the above formulae. 

4o Far certain gtobve angles and surface absorptances, 

a, a useful approximation is given by Eq. (30) : 

(30); a 
a 

a 
1 - (1-a)(1 sin 8/2) 

The 1 at t er may be s e en in A pp • B , where E q s • ( 2 8 ) , ( 3 0 ) 

and (37) have been replotted on transparencies for com-

parison purposeso 



CHAPTER 3 

EXPERIMENTAL INVESTIGATION 

3.1 INTRODUCTION 

The purp9se of the experimental investigation is two~ 

fold: Fir~tly, it serves both to 0erify the formulae 

. derived in the preceding analysis and to determine their 

practical applicability. Secondly, the exp~rimental re-

sults are meant to provide more information about the 

practical behaviour and properties of real V-grooved sur-

faces used for solar energy collection •. The lack of such 

info~mation in literature has been shown in Chapter 1 • 

Experiments were carried out on five sets of differ-

ent test specimens, which had been V-grooved acc6rding 

to specifications described in Section 3.2. The specimens 
simulated 

were exposed to solar radiation to determine (1) their 

ef febtive absorptance ~nd (2) their absorption efficiency~ 

Since sunlight is subject to large fluctuations (~n 

an hourly and daily basis), the sun is an unsuitable 

source of radiation for test purposes. It w~s therefore 

necessary to build a solar simulator incorporatBd in a 

calorimetric test apparatus. Details of this experimen-

tal apparatus will be described in Section 3.3. 

48 
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Finally, the determination of the absorptinn proper-

.ties of a specimen required the use of a calorimetric 

test method. The mathematical background of this method 

and the experimental procedure will be ex~lained in th~ 

·last sections of thi~ chapter. 

3o2 DESCRIPTION OF SPECIMENS 

The derivation of Eq. (40) has shown that the. effec-

tive absorptance of a V-grooved surf ace is influenced by 

three geometric parameters; the groove anglB 8, the 

grciove depth d, and "the width of land 1 between grooves. 

Accordingly, V-grooves with various angle~, depths and 

lands were milled into circul~r brass discs. A photo-

graph showing a selection of these discs is given in Fig. 

14, while their basic cross sect~on is illustrated in 

Fig. 13: 

II 

E 
E 

:c U') 

Figu~e 13~ Cross section of sµecimens. 

The specifications for each specimen are tabulated in 

App. E • Additionally, microscope photographs showing the 
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enlarged cross sections of two sets of specimens are 

given in App. F 

The circular discs were cut from a 3 1/2 " brass bar. 

Though brass is not the best material for solar energy 

collection, it was chosen because of its availability and 

its desirable properties, such as easy machinability, non­

corrodibility, and high thermal conductivity. Further­

more, the milled br a ss surface guaranteed a fairly con­

stant and moderate a bsorptance as well as a low emittance. 

It can be seen from App. E that five different sets 

of specimens were ma nufactured • . Without entering into 

the particulars of t he design (which will be explained in 

Chapter 4), some sp e cific features should be noted. 

The first two sets of specimens (No. 1 - 8 and No. 

9 -16) were grooved with a constant angle and with in­

creasing groove depth, whereas specimens No. 17 - 23 and 

No. 24 - 31 were ma nufactured with grooves having a con­

stant depth but in c reasing groove angles. ThesB speci­

mens were designed as to verify the formulae derived in 

Chapter 2 o 

The groove pa r ameters of the fifth set of specimens 

(No. 32 -37) were chosen · to investigate the effect of 

different surface a bsorptances. For this purpose, a black 

spray paint and a chromium plating were applied. 
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3.3 DESCRIPTION OF APPARATUS 

3.3.1 Solar Simulator 

In order to obtain acceptable r adiation c ha racter-

istics, · the simulated sunlight had t o comply with the 

following requirements based on ASTM-cl ass ifications for 

solar simulators [ 41] : 

1. Spectral en e rgy di s tribution 

as s hown in App. D 

2 . Flu x den s ity of approx i ma te l y 

1353 W/m2 (s o l a r constant) 

3. Unif ormity of irr a diance < 5 % 

4 . Stab i lity of irr a di ance < 3 % 

5 . Beam div e rg ence a ng le < 4 % 

These requirements were met by us ing a metal halide short 

arc lamp (OSRAM HMI 575 W) in connection with a system of 

aluminium-fiont-coated reflectors. A photograph of the 

arc lamp and reflector assembly is shown in Fig. 15 • 

5 
The specially designed mirror system consits of 

both a spherical an d a s 1ight1 y diffuse par ab o l i c ref le c-

tor, which produce a pa rallel a nd unif orm beam of simu-

lated s unlight. I n addition, a set of aperture plates 

and a plane mirror were use d to direct th e light beam 

onto a test s pecim e n mount e d in a calorimetric sp ecimen 

holder. All mirro r s were front-coated in order to avoid 

spectral attenuation of the. light by transmission through 
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glass. A photograph showing a general view of this exper-

imental arrangement is given in Fig. 16 • Enlarged partial 

views are shown in Fi gs. 17 and 18. 

The spectral e nergy distribution of the lamp is 

p 1 at t e d in App • D showing the desired s i mi 1 a r it y to so 1 a r 

radiation. In particular, the main three spectral bands 

correspond very well, as far as radiation quantities are 

cancer ned [ 42, 43] : 

Percentage of 

Lamp Radiant Solar 

Energy Coristant 

7 % UV-radiation (A.<0, 38µm} 

Visible light (0,38<A.<0,76µm) 

IR-radiation (A.>0, 76 ) 

11 '3 % 
45,4 % 
43,3 % 

45,6 % 
47,4 % 

3.3.2 Calorimetric Test Section 

The schematic diagram of the experimental apparatus 

given in Fig. 19 il l ustrates the functional details of 

the calorimetric te s t .section. The latter is composed of 

the following equi~ment: 

1. Storag e tank containing the heat 

transf e r medium (ethylene glycol) 

2. Float operated constant head device 

3. Needle-valve and rotameter for flow 

control 
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Figure 15 . Arc lamp and reflector assembly . 
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Figure 17. Partial view of apparatus, 

calorimetric test section . 
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Figure 18 . View along optical axis on a specimen . 
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4. Flow heater with temperature control 

equipme nt 

So Flow-ty pe calorimeter (specimen 

holder) 

6. Drain f acilities 

7. Balance and stop watch for evaluation 

of flow rate 

Pure ethylene glycol (99 %) was chosen to act as the 

heat transfer medium. Although all te s ts were carried out 

at temperatures below 100 °c , . glycol turned out to be 

superior to water because glycol did not show the tenden-

cy of forming distu r bing bubbles at tempBratures above 

80 °c . The disadva ntage of glycol was its temperature 

dependent viscosity and specific heat. Llhile the first 

rendered the regula t ion of the flow rate more difficult, 

the latter, the specific heat, had to be determined by 

interpolation betwe e n key temperatures (see App. G-4) • 

The functional details of the calorimeter, which is 

basically a well i nsulated specimen holder with a built-

in flow chamber, are shown in Fig. 20. It is worth men-

tioning that--because of its short time constant for ther-

mal response--the present polypropylene body of the speci-

men holder proved t o be better than a vacuum insulated 

mounting o 

The calorimeter-box is mounted .in bearings allowing 
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a 180°-rcitation. This arran~ement facilitated both the 

operation procedure and the use of a thermopile radiome­

ter, which is fastened to the back of the box and posi­

tioned in line with the optical axis of the apparatus 

(see Figs~ 17 and 19). 

3.3.3 Instrumentation 

Apart from ~ standard power supply and conttol unit 

for the arc lamp and for the flow heater, the inst~umen­

tation of the appatatus can be divided into two units: 

one for measuring the incident radiation, and one unit 

for recording the temperatures. 

The radiation incident upon a test specimen (irra­

di~nce E) was measured by means of a precalibr~ted Kipp & 

Zonen solarimeter (CM 6) in combinati.on with a Hewlett­

Packard digital multimeter (3465 A) • These instruments 

provide a lower threshold for practical radiation detec­

tion of O,B W/m 2 With a~ accuracy of ± 1 % (see Error 

Analysis, App. H). 

For recording the required temperatures, specially 

designed thermotouple probes and reference junctions in a 

standard ice bath were used. The copper-constantan probes 

were calibrated in situ against four key temperatures by 

means of a third-degree Lagrange interpolation (see 

App. G-3) o 
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The surf ace temperature of a specimen was ~easured 

by inserting a tubular probe into a sm~ll pilot hole 

beneath the surface. The hole, which is 0isible in Fig. 

14, was drilled 20 mm into the side of each specimen. The 

positioning of this hole was not very critical, i.e., 

temperature deviations cau~ed by different probe positions 

were much smaller than the overall measuring error. This 

was confirmed by testing a Specimen which had five s~pa­

rate probes at different locations. 

The temperature difference of the heat transfer 

medium flowing thrbugh the calorimeter was measured by 

inserting thermocouples into inlet and outlets bf ~he 

flow chamber (see Fig. 20). The optimal positioning of 

these probes was determined by a trial and error proce­

dure and also proved to be not ve~y critical. 

All thermocouples were connected via extensionwires 

and a selector switch to a Kipp & Zonen channel selector 

(BA 1) • The output of the channel selector was recorded 

on a Kipp & Zonen micrograph (BO 2) , which was also 

conhecited to the multimeter mention~d above acting as 

a ciontrolling instrument. .The latter was necessary to 

eliminate errors c~used by a recording drift. The lower 

threshold for practic~l temperature detection of this sys~ 

tern was 0, 02 °c with an accuracy of :!: 0, 05 °c (see Error 

Analysis, App. H). 
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3a4 EXPERIMENTAL PROCEDURE 

3.4.1 Theoretical Background 

The experimental investigation of the specimens by 

means of the apparatus described wa~ based on the follow-

ing heat tran~fer calculations. These calculations 

determined the steps of the experimental procedure, which 

will be described in Section 3.4.2. 

The energy balance for the calorimeter can he writ-

ten down simply in terms of heat transfer rates: 

= qout + ( 41) 

The term q
1 

denotes the sum of convective and radiati~e 

heat losses from the surface of the specimen,as well ~s 

conductive heat losses through the calorimeter insulation. 

If q. is defined as the radiant energy incident upon the in - -

specimen surface area and q t as the heat quantity.trans­ou 

fered via the specimen to the glycol, then Eq. (41) may 

be written as follows: 

where 

E A aeff = m (c 2 T 2 - c 1 T 1) + ql p - p 

E 

A 

. 
m 
-

= 
= 

= 

irradiance on A 

projected surf~ce area 

of specimen 

flow rate of glycol 

c p1/2 = 1mean specific heat capacities 

,of glycol between o0 c and T
1

; 2 _ 
T 

1 
/ 2 = --glycol te-mperarures at 

calorimeter inlet/outlet 

(42) 
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The purpose of Eq. (42) is to provide a means for 

the experimental determination of both the effective 

absorptance, aeff' of the specimens and their absorption 

efficiency T] • As far as the latter is concerned, Eq. (42) 

is sufficient,if the efficiency at a certain temperatura 

difference between specimen surface and ambient, (T3 -T
0

): 

is defined as follows: 

qout * Tl = = f(T 3 .;..T 0 ) 
qin 

(43) 

. 
(cf22T2 T 1 ) m - c [21 ioe. 100 % Tl = E A (44) 

Since ri tuined out to be negative in some cases, it 

was more converiient to use a relative efficiency, n ·'rel ' 

which related ri·of a grooved specimen to T] of the fl~t 

reference· specimen No. 32 • Hence the relative efficiency 

is defined as 

= 
Tl 

Tl32 
(45) 

For com~uting a from Eq. (42) , the he~t losses ef f 

q 1 at (T3 -T 0 )* have to be known. These .may be foun·d by 

inversion of Eq. (41), so that 

* * ql = qin - qout (46) 

If the term (q* - q* ) is defined as the decrease in in ·out 
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heat content of the heat transfer medium between calorim-

et er inlet and outlet , then E q • ( 4 6) may be written in 

the form (no irradiation) 

(47) 

Adding Eqso (42) and (47) yieids 

a ef f 

Eqs. (48) and (44) form the basis for the experime~tal 

procedure, which is described in the following section. 

3.4.2 Basic Procedure 

Inspection of Eq~o (44) and .(48) rev~als th~t the 

quantity 

(49) 

is common to both equations, and in addition a similar 

quantity also occur~ in the latter. A basic experimental 

procedure was therefore followed to evaluate (49), and a 

modified version (as destribed ih Section 344.3) was then 

used to evaluate the second quantity 

rTi * (.c * 
1 

r * - - * · *) 
p · 1 cp2 T 2· 

. EA 
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The basic procedure was divided into two parts; the 

first part dealt with the nedessary preparations .and the 

second with the actual readings. 

Firstly, a specimen was mounted into the specimen 

holder as shown in Figs. 18 and 20. The glycol flow was 

started and checked for possible leakage and formation of 
. . 

air bubbles. Since the glycol, at this stage, was at 

ambient temperature ~t the calorimeter inlet and putlet, 

the temperature recording instruments could be zeroed. 

The lamp was switched on and after a stabilization period 

of 30 minutes, the irradiance on the solarimeter was 

2 adjusted to approxi~ately 1353 W/m • The irradiance 

produced by the ciptical system proved to be stable wi.thin 

± 3 % and uni form within ± 5 % • By means of the needle-

valve and rotameter, the glycol flow was adjusted to 

approximately 2 kg/h. This turned out to be a flow rate 

which ensured both a sufficient turbulen~e for heat trans-

fer within the flow chamber and a suitable temperature 

0 d i f f e r e n c e b e t w e en c a l o r im e t er i n l e t a n d o u t l e t o f 2 - 5 C • 

The specimen was no~ turned into the light beam, and the 

instruments wer~ switched over to temperature recording 

(cf. typicai recording chart, App. G-2). 

The second part of the procedure was to measure the 

temperature difference between calorimeter inlet ~nd out-

let (numerator in (49)), as well as the pertinent flow 

rate. Since this measurement requi~ed a state of equi-
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librium, it was necessary to wait until all temperatures 

had stabilized (30 - 120 min). Thereafter, three control· 

readings wers taken of inlet (T 1), outlet (T 2 ), surface 

(T 3 ), and ambient temperature (T 0 ) over a period bf exact­

ly 6 minutes. Simultaneously and for the same ~eriod, 

the glycol was allowed to run into a beaker in place of 

the drain tank. The collected glycol 1.ias weighted in 

order to accurately determine the flow rate (~). After 

this period, the irradiante and the 7ero point of the 

instruments were checked again for possible drift. 

The data obtained during Urn above procedure--most 

of them i.n the form of mV-readings--were entered in a 

calculator program (Texas Ihstruments SR-52) for conver­

sion and immediate computation of expression (49), i.e., 

of 11 • The specially developed program took· into account 

the calibration curves for thermocouple outputs, as ~ell 

as the temperature dependence of the specific heat of 

glycol (see Sample Calculations, App. G). 

3.4.3 Modifications 

Due to the small temperature differe~ce of the gly­

col between calorimeter inlet and outlel~ (2 - 5 °c) , the 

efficiency, 11, could not be evaluatRd at elevated temper­

atures, without additional heating of the system. The 

hasic procedure was therefcire mndified by preheating the 

glycril to a desired temperature level,before entering the 
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calorimeter. 

It has been stated that the determination of a · · eff 

( s e e E q • ( 4 8 ) ) r e q u i r e d a 1 s o a n ex p e r i me n t a.l e v a 1 u at i o n 

of the expression 

• *(-* r* · -* r*) m · cp1 1 - cp2 2 

leading to a second modification. Expressi6n (sb) was 

defined as the total heat losses, q1 , of the sy~tem at 

(50) 

(T 3 - T 0 ) *. Since the determ.ination of the heat losses 

did not require an irradiation of the specimens, the gly-

col was preheated only. Consequently, the cooling of the 

preheated glycol flowing through the calorimeter was a 

measure for q1 at (T3 -T 0 )*. For carrying out this modi-

fication, readings weie taken for • * 
m ' 

in the same way as described before. 

* * . ( )* T 1 , T 2 , and T 3 - TO 

The use .of a glass cover over a specimen was the 

third modification. The glass cover was mounted 20 mm 

a~ove a specimen, as illustrated in Fig. 20, with the pur-

pose of simulating a glass-covered solar collector. Most 

of the experiments were then repeated. 

The numerical results will be presented in the 

following chapter and discussed in more detail in the sub-

sequent Chapter 5 • 



CHAPTER 4 

RESULTS 

4.1 INTRODUCTION 

The following sections and figures present the main 

results. Th~se were obtained experimentally as described 

in the preceding chapter as well as theoretically by 

applying the relevant formulae derived in Chapter 2 to 

each specimen. A detailed example of the necessary com­

putation and conversion procedures, which had to be car­

ried out before plotting any data points, is given in 

App. G • 

Figures 21-31 show graphically the effective absorp­

tances and the relative or absolut~ absorption efficien­

cies obtained for the investigated specimens. Wherever 

possible, at least two experimental points are plotted 

for each specimen representing a repetition of the rele­

vant experiments. The experimental points in Figs. 21, 

22, 24, 26, 27, and 29 are accompanied by two limiting 

curves, which represent the relevant theoretical values, 

assuming both nominal groove specifications (see App. E) 

and ideal diffuse or specular surface properties. These 

curves are pl~tted as calculated from Eq. (40) in con­

junction with Eqs. (28) and (37) respectively. 

69 



70 

Furthermore, some experiments were repeated at both 

low and elevated temperature levels as well as with ahd 

Without the use of a glass cover. These modifications 

were necessary to ensure that a variati6n in both temper­

ature and convective heat losses had no influence on the 

tests results. 

Since experiments were carried out on five differ~ 

ent groups of specimens (cf. Section 3.2), the emphasis 

of the following presentation of results will lie on 

grouped results rath~r than on individual results. Par­

ticulars of the latter will be given iri th~ course of th~ 

discussion in Chapter 5 • 

4o2 EFFECT. OF GROOVE DEPTH ON ABSORPTION CHARACTERISTICS 

Figures 21-23 show the results obtained for speci­

mens No. 1-8. Originally, these spetimens were designed 

to test the influence of the depth of V-grooves on their 

apparent absorptance. Previous investigations of similar 

s_pecimens [1} revealed that such an influence might exist, 

although there is no theoretical evidence. Accordingly, 

specimens Noo 1-8 were manufactured with grooves having 

jncreasing depths and a constant groove angleo 

The experimental results show that the effective 

absorptance,as well as the relative efficiency,increase 

with increasing groove depth and have the tendency to 
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.reach a maximal value. This observation seems to con­

firm that there might be an influence of the groove depth 

on the ~bsorptance. 

However, inspection of the groove par~meters of 

specimens No. 1-B (see AIJp. E) reveal·s that these speci­

mens are characterized not only by different groove 

depths but also by different . w/1- ratios. In other 

Words, the percentage of lands of the total projected 

specimen surface area decreases from 27 % {specimen No. 1) 

to as little as 1,9 % {specimen No. B). It is obvious 

that this must affect the absorption characteristic, since 

the apparent absorptance of the groove openings (w) is 

higher than the absorptance of the lands (1). The latter 

equals the absorptance of the flat reference specimen 

No. 32 (see App. J) • It was therefore necessary to elim­

. inate the influence of the ratio w/l • This was achieved· 

by machining the s~cond set of specimens as follbws. 

Specimens No. 9-16 w~re grooved in such a way that 

both the gronve angle and the ratio w/l were constant 

for all differ~nt groove depths. The ~xperimental 

results are plotted in Figs. 24-25., It can be seen that 

the obtained values for aef f and TJrel remain constant 

for all specimens of this second set. Hence it appears 

that the groove depth has no direct influence on the 

absorptive power of a V-gtooved surfape. The increase in 

absorptive powet with increasing groove depth, as 
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observed in Figs. 21-23, is a function of the term w/l = 
d 8 

2 T tan 2 rather than a function of d alone. 

The above exp~rimental findings led to the develop­

ment of Eq. (40), which takes into account the term w/l = 

d 8 
2 T tan 2 o Using this equation in conjunction with Eq. 

(28) permits a theoretical determination of aeff for 

specimens No. 1-16 (see App. G). The results are plotted 

ih Figs. 21, 22, and 24 as solid curves (assuming nominal 

groove specifications}. These resu~ts have to be correc-

ted as far as actual groove specifications are concerned, 

and they are plotted also as correct~d theoretical values. 

Inspection of Figs. 21, 22, and 24 shows that the experi­

mental points, in general, foll6w the shape of the curves 

of the theoretical values. 

In summary, referring particularly to Figs. 21 and 

24, it appears that the experimental results are in good 

agreement with the theoretical predictions, as far as the 

influence of the groove parameter d/l is concerned. 

Further details will be discussed in Chapter 5 • 

4.3 EFFECT OF GROOVE ANGLE ON ABSORPTION CHARATERISTICS 

In order to study the effect of increasing or 

decreasing groove angles, the specimens of the third set 

(No. 17-23) were manufactured with gro6ves of variou$ 

1 . . f 15° to 90° • T . 1 t th ang es ranging rom o iso a e ~ groove 
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parameter. 8 , the ratio w/l , as well as the groove 

depth were kept constant for all these specimens. 

The experimental results are plotted in Figs. 26 to 

28 shbwing that the experimental point~ fcillow the cor­

rected theoretical values, especially at low temperatures 

(cf. Fig. 26). Equally, the relative efficiencies plot­

ted in Fig. 28 follow the trend of .increasing absorptive 

pow~r with decreasing groove angle. 

Although a groove angle of less than 15° (in this 

case) was not tested, it can be expected that the trend 

mentioned above will not continue for groove ahgles 

approaching o0 
• The simple reason for this is that the 

ratio ~/l can not be kept constant for groove angles 

much smaller than 15° unless unrealistic small lands 

are assumed. Since the latter is of no practical inter­

est (the specifications of specimen No. 17 and No. 18 are 

already unrealistic), a fourth set of specimens was manu­

factured. 

Specimen~ No. 24~31 ~ere pro0id~d with the same 

grooves as those of specimens No. 17-23, with the excep-

. tion that the lands, and accordingly the ratio w/l, were 

chosen to fit th~ pertinent groove angles. In other 

words, the lands were widened for smaller angles to pro­

duce strong groove flanks and lips, which do not bend or 

break. Thus the specimens of the fourth set represent 
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realistic V-grooved surfaces. 

The results obtained for these specimens are shown 

in Figs. 29 and 30. Again, it can be seen that th.e 

experimental points follo~ the theoreti~al predictions. 

~hat is more, an expected optimum occurs, which agrees 

with the statements made in Section 2.3.2. 

4.4 EFFECT OF SURFACE FINISH ON ABSORPTION EFFICIENCY 

The last specimens No. 32-37 w~re machined to study 

the effect of black and specular V-grooved surfaces. ·In 

addition, it was proposed to test the applicability of 

such surfaces for solar energy collection. 

Since a groove depth of 2 mm and a groove angle of 

30° turned out to be favourable groove dimensions (see 

Figs. 21 and 29), specimens No. 35-37 were grooved 

accOrdingly. Specimen No. 35 was left blank (brass sur­

face), whereas specimen No. 36 was spray painted mat 

black, and specimen No. 37 was made specular by a chrom­

ium plating. The flat specimens No. 32-34 served as 

reference samples. 

The experimentally determined absorption eff icien­

cies of these specimens are plotted in Fig. 31. A study 

of Fig. 31 reveals three major effects: 
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Firstly and according to expectations, the applica­

tion of black paint has increased the absorptive power of 

both the flat and the grooved specimen (cf. relevant 

curves for specimens No. 32, 33, 35, and 36). 

Secondly, the absorption efficiency of the flat 

b 1 a c k s u r f a c e ( No • 3 3 ) , w hi c h i s v er y h i g h at 1 ow t em­

p er at u res, is' nevertheless exceeded by the grooved black 

surface (No. 36). This is particularly true at higher 

temperatures. and will be discussed in more detail in 

Chapter 5 • 

Finally, as far as the efficiiency curve fbr the 

specular specimen No. 37 is concerned, a surprising 

effect occurs. Although the absorptance of the grooved 

specular surface is lower than that of its black counter­

part --·a conclusion which can be drawn from the results 

at low temperatures--, its absorption efficiency at high 

temperatures is superinr to all other surfaces. This 

obser~ation will also be discussed in mo~e detail in the 

·following Chapter 5 • 
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CHAPTER 5 

DISCUSSION 

The present research program was .carried out to 

dev~lop closed form solutions to the V-gooved radiation­

absorber problem and to verify these experimentally. 

The results presented in Chapter 4 .show that there is a 

good agreement between the trend of experimental pointi 

and the shape of theoretical curves. This is th~ most 

important criterion on which fhe results of the theoiat~ 

ical analysis should be judged. The fact that the exper­

imental and theoretical points in certain graphs are 

somewhat displaced is of secondary importance, but never­

theless also of interest. 

In general, all experimental results are somewhat 

higher than the predicted values; and in particular, foi 

those cases, where two sets of data under the same con­

ditions were obtained, the first values are always to~er 

·than the repeated values. This trend is clearly shown in 

the preceding graphs, especially in those which are plot­

ted for elevated temperatures (see Figs. 22, 27, and 29). 

Ther~ are two factors which might have contributed to 

these effects: 

1. Although the brass ~pecimens were cleaned carefully 
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befb~e testing, when irra~iated, a slight unavoidgble 

tarnish could be observed getting worse in the course of 

a test, particularly at elevated temperatures. This tar­

nish might have increased the absorptance of t~e surface, 

which, apart from the groove parameters, has a strong 

influence on the effective absorptance of a specim~n. 

2. It has been assumed in Section 2.1 thaf the reflec-

tioh on any participatin~ surface is perfectly 

diffuse. It is well known that this assumption does not 

hold for real surfaces. Llithout entering.into the under­

lying theory, it may be state~ that the directional com~ 

ponents of reflectance increase with increasing angle of 

incidence; in short, the irradiated sides of small-angled 

V-grooves become somewhat specular. This explains the 

generally observed higher values for aef f than those 

predicted by Eqs. (40) and ~28), particularly with respect 

to smaller groove angles. It ther~fore seems to b~ 

a p pr a pr i at e t o r e p 1 ac e E q • ( 2 8 ) b y E q o ( 3 0 ) , as f a r as V -

grooves are concerned which have diffuse-specular (real) 

surfaces and small groove angles~ A plot of Eq. (30) 

(applied in cGnjunction with Eq. (40) to the relevaMt 

specimens) is included in Fig. 29 (dashed curve). ·It 

can be seen that this curve is in better agreement with 

the experimental points,with regard to small groove 

angles. 

An interesting deviation from the above observations 
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occurs in the case of specimen No. 18. The experimental 

values obtained for this specimen are considerably lower 

. than theoretically predicted (see Figs. 26-28 , 8 ~ 20° ) • 

The expla nation for this can be found by studyihg the 

relevant ~icro~cope photograph of the groove profile (see 

App. F-6). The grooves of specimen No. 18 ·are badly cut, 

the vertices being rounded instead of sharp. Sihce this 

affects the interreflection pattern at the vertex (where· 
. . 

most interreflections occur), the effective absorptance 

must be expected to decrease. 

As pre0iously mentioned, the presence of lands (1) 

in any grooved surface has a marked effect on all results 

presented. This is especially noticeable in Figs. 21-23, 

where the characteristic sh~pe of the curves is due 

entirely to machining limitations. If perfectly sharp­

edged grooves could be machined (1 = o}, a horizontal 

a~d trace would result. A~ the groove depth is decreased, 

the d/l ratio beciomes increasingly significant causing 

the characteristic droop in the curves towards the origin. 

F6r large values of a , the d/l ratio becomes less 

significant, and the a-d trace tends to the limit giv~n 

by the value a 
a for a single V-groove cavity. It is 

therefore evident (cf. Figs. 21-23) that, as far as the 

absorptive power is concerned, there is no advantage to 
0 . 

·be gained by making 45 -grooves smaller than 1 mm or 

·larger than 3nim·in depth. These figures, of course, 

hold .true only for the present specimens. 
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It has been stated in Chapter 4 that. the grooved 

black surface (No. 36) is more efficient than the flat 

black sutface (No. 33), particularly at elevated temper-

atures. This result can be corroborated by extrapolation 

of the relevant curves in tig. 31 towards higher temper~ 

~tures. Carrying out such extrapolations may even show 

that the absorption efficiency of the grooved ~rass sur-

face (No. 35) exceeds that of the flat black surface. 

There ate two factors which contribute to thi~: 

1. The small air cells within the grooves suppress the 

convective heat loss from the surface. 

2.. The radiative heat loss of the black surfa6e (being 

a function of the fourth power of its temperature) 

increases more rapidly than that of the brass surface 

since E: >> E: black brass • 

On this basis it is understandable that the absorp-

tion efficiency of the grooved specular surface (No. 37) 

exceeds that of all other surfaces at higher temperatures. 
. . 

In short, the grooved specular surface takes advantage 

of the fact that the convective heat loss is partly sup­

pressed and, what is more important, that its absorptance 

has been increased considerably,whereas its emittance 

remains at a relatively iow level. 

The effective absorptance of the grooved specular 
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surface (No. 37) can be found by extrapolating the rele..; 

vant efficiency curve in Fig. 31 towards T 3 - T 0 = 0 °c . 

Since there is no temperature difference between surface 

and ambient temperature at this point; no heat losses 

from the surface occur. Consequently, ~ equals aeff 

(cf. Eqso (44) and (48)) and the latter is fou~d to be 

a e f f = 0 , 9 4 ( s e e A pp • K ) • Th i s ex per i me nt a 1 . v a 1 u e for 

aeff agrees very well with the theoretical value being 

obtained as follow~: Extrapolating the efficiencj curve 

for the flat specular specimen No. 34 
.. 0 

towards T 3· - T 0 = 0 C 

yields a.= 0, 42 (cf. App. K) , which is the absorptance 

of the chromium plating. Using a = 0, 42 together with 

the relevaMt groov~ specifications of specimen No. 37 

for evaluation of ·Eqs. ( 40) and (37) yields aeff = O, 93 • 

Apart from the above specimens, specular V-grooved 

surfaces have not been investigated in detail. Too many 

specimens would have been required to verify the step-

functional character of Eq. (37) (cf. Fig. 7). However, 

it is worth mentioning that the only experimental data, 

sci far available in literature, is in very .good agreement 

with the corre~ponding .values calculated from Eqsj (40) 

and (37) As mentioned in the literature survey, C. Po 

·Butler et al. [30] pressed an assembly of 250 razor 

blades into a polished gold specimen. They found out 

that the original absorptancs of the gold specimen 

increased from 0,24 to 0,31 • The area incl.uded in 

their grooves was approximately 8 % of the. total (i.e., 
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w/l = 0, 08). and the groove angle approximately 1 o0 
• Using 

these values for evaluation of Eqs. (40} and (37) results 

in a e ff = 0 , 3 , a theoretic a 1 v a 1 u e w hi-ch is in very good 

agreement with Butler's experimental value of 0,31. 

Finally, the following example serves trl illustrate 

the affect the preceding results would hav~ on practical 

solar energy collection: 

Assume that the flat black surface of specimen No~ 

33 is ~eing used fat solar energy collection in space~ 

The surface absorptance for solat radiation is, say, 

a=0,95 and the infrared-emittance.is E:=0,94. The 

surf ace is maintained at a temperature of 116 °c by 

e~tracting energy to be used in a power generating cycle. 

With this, the net energy which can be extracted is 

qnet = qabsorbed - qemitted 

= 1285 - 1220 

= 65 W/m
2 

• 

The necessary ca.lculations are carried out in App. L. 

Using the flat specular surface of specimen No. 34 

(a= 0,42' .8= 0,1) instead of the above black surface, 

would result in 

q =· 544 net - 130 

= 414 lJ/m
2 
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Usi.ng the V-grooved specular surf ace of sp~cime.n. 

No. 37 . (aeff:= D,94, e:eff = D,29) would increase the use­

ful extractable energy to as mucih as 

q = 1223 net 

. 2 
= 847 lJ/m 

... 2 
376 · lJ/m. · 

.. 



CHAPTER 6 

CONCLUSIONS 

Th~ preceding theoretical and experimental study 

was carried out to investigate the absorption character­

istics of diffusely and specularly reflecting V-grooved 

surfaces. In· the theoretical analysis, formulae are 

developed for both the apparent absorptance of V-groove 

ca~ities and the effective absorptance of V~grooved sur­

f aces. These formulae enable the performance of V­

grooved radiation absorb~rs to be bptimized with respect 

to the various groove patameters and normal incidencee 

The experimental part of the study verifies both 

the th~oretical formulae and the predictions inferr:ed from 

them. In addition, the eXpe~iments give some insight 

into the behaviour of V-grooved surfaces used for solar 

energy collection. 

There ~re four basic conclusions that tan be drawn 

from the theoretical and e~perimental results. They are: 

1. V-grooves, carefully optimized and applied 

to a solar ~nergy absorbing surface, can raise 

its absorptance almost to unity and improve 

its absorption efficiency. 

94 
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2. Best performantes at high temperatures can 

be expected from metal surfaces provided with 

specular V-grooves having a small groove angle 

( <: 3 0° ) • 

3. The optimal groove angle ·is dependent on 

three factors: 

of the groove, 

(1) the. reflection properties 

(2) the absorptance of the 

gr o o v e s u r f a c e , a n d ( 3 ) t h e r at i o o f gr o-o v e 

depth to land width which occurs between the 

grooves. 

4. As far as the effective absorptance of a 

V-grooved surface is concerned, there is .. no 

advantage in choosing a groove depth beyond or 

above certain limits, which can be found by 

using the nomographs in Figs. (11) and (12). 

During the course of this work it has .become evi­

dent that there are some areas where further research 

could be undertaken. ThesB include the effect of selec­

tive coating~ applied to V~gooved surfaces, the affect of 

. V-groove~ or V-cor~ugations on the transmittance cif 

transparent surfaces, and finally the possible interfer-· 

ence effects in _very fine V-grooves. 

When considering the latter, it is interesting to 
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note that nature has utilized this principle of inter­

ference tci increase the transmittance of the cornea of 

the night moth's eye by developing a nipple array shown 

i.n Fig. 32. The V..;..shaped profile of this nipple array, 

as well as iti similarity to Bouguer's surface model 

shown on page 3, are remarkable. 
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Fi gu r e 32 . Nipple array of th e cornea of 

a night moth ' s eye [45] . 
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APPENDIX A 

Apparent Absorptance of V-Groove Cavities 

as Derived by Spar~ow and Lin. [23] 

Commant: 

The following gr~phs show the appaient absorptance 

· (e o o o o) of 4 V-groove cavities = 30 , 60 , 90 ·' 120 as a 

function of the ~ 

1. Character of incident radiation 

2. Reflective properties of the surface 

3. Angle of incidence Y 

4. Groove angle 8 

5~ Surface absorptance a. 



A-2 
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I · 8:2 I · 8;2 · 
normal . normal · 

Apparent absorptance for parallel rays incident 

on a V-groove cavity, (Y = angle of incidence). 

-- DIFF.USE SURFACES 
--- SPECULAR SURFACES 

1.·0 _1 ' t l ! ' I • I I ' ; 

0•9 ·-· 

0·6 

0·5 

0·4 

1·0 

Apparent absorptance for diffuse radiaticrn 

incident on a V-groove cavity. 
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APPENDIX B 

Apparent Absorptance of V-Groove Cavities as 

Defined by Equations (28), (30), and (37) 

Comment: 

The following graphs are reproduced from Figs. 3 -.4 

and Fig. 7 on transparencies for comparison purposes. 
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APPENDIX C 

Solutions for Equations 

( 20 ),( 22 ),( 23 ) and ( 34 ) 
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Solution for Eguation (20) 

0 
The integral part J f(s,8) ds of Equation (20), 

CD . 

. 0 . 

~ ( o) = 1 - y~ ( o) J 1 I ( s 
2 

+ 1 - 2 ~cos e ) 3 I 2 
d s , 

CD 

can be solved by me a ns of standard integral tables. The 

result is 

s - cos 8 

CD 

0 . 

J f(s,e) ds = 
CD 

0 

(1 - cos 2e)..J1 2sco s 8 + s 2 . 

= - cos 8 _ lim 1 - (cos 8)/s 
. sin2 8 · ~- 00 sin2 ..J1 (2cos 8)/s + 1/s2 

= 

1 cos 8 
. 29 sin · . 29 sin 

1 + cos 8 
. 29 sin 

Llith this result, and using the substitution (15), Eq. 

(20) can be solved for ~(D): 

. 29 1 9 
~(o) 1 ~(o) 

psin + cos = + . 29 2 sin 

1 = 1 p/2 ( 1 9) - + cos 
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Solution for Equation (22) 

s 
The i n t e g r a 1 par t CD J f ( s , 9 ) d s o f E q • ( 2 2 ) , 

. s I 
13(s) = 1 - y 13(1) J 1/(s

2
+ 1 - 2 s cos 8 )

3 2 
ds , 

CD . 

can be solved by means of standard integral tables. The 

result is (using the integration in App. C-2) 

. f(s,8) > - cos 8 
= 

(1 - cos 2 
8 ) ..J 1 -: 2 s cos 8 + s 2 

1 
. 28 sin . 

0 

By setting s = 1 and using substitution (15), Eq. (22) 

can be solved for 13(1) as follows: 

2 . 
cos 8 . 13 ( 1 ) 1 B ( 1 ) p sin 8 ( 1 - 1 ) = -

. 29 2 2 sin 8/2 . 28 sin sin 

. 29 sin 8L2 - 1 1 f3 ( 1 ) e sin = - . 2 
2 · sin e 

1 = 1 - p/2 (1 sin e/2 ) 
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·Reduction of Eguations_(33) and (34) 

Summing up and rearranging Eqs. (33) and (34) yield 

E' + E' 1 2 

E sin 9/2 
= ( 

. 2 i - 2) L - L' 
1 + p + p + ••• + p . L 

( · 2 . i - 1 ) L' 
+ 1 + P + P + ••• + P r 

= 

2 · i - 2 L' i - 1 L' 
+ (1 + P + P +ooo+ P ) [ + P . [ 

= ( 1 ( 1 - a) i - 1 ) /a + ( 1 - a) i -
1 f' , 

since p = 1 -a. 

Inserting this into Eq. (32) yields 

2 L sin 9/2 i - 1 ( · )i -1 L') a = .· . (1 - (1 -a) +.a 1 - a r ' a w 

.. and with (17) 

. i - 1 L' a = 1 - (1 - a) (1 - a-). a . . L 
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Comment: 

0...:1 

APPtNOIX D 

Spectral Energy Distribution of 

the Metal Halide lamp 

Compared with the Solar Spectrum 

The data for the metal halide short arc lamp OSRAM 

HMI 575 Ll is taken from [ 43, 44]. The data on incident 

sola~ radiation is replotted from [42]. 
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APPENDIX E 

Tabulakd ~ecifications 

of Test Specimens 

Comment: 

The "Actual Specifications" represent the arithmetic 

means of microscopic measurements. For used symbols ~ee 

Fig. 13 and nomenclature, 
. ,· 

Material of specimens: Brass (DENVA AD1) 

58% Cu, 39% Zn, 3% Pb 

Black spray paint: KRYLON High Heat 



No e d 

deg mm 

1 45 D, 1 

2 II 0,2 

3 II 0,4 

4 II 0,6 

5 II 0,8 

6 II 1,0 

7 II 2,0 

B II 3,0 

9 II 0, 1 

10. II 0,2 

11 II 0,4 

12 II 0,6 

13 n o,, 8 

14 II 1,0 

15 II 2,0 

16 11· 3,0 

Numinal Specifications Actual Specif{cations 

1 w w/l w+l=p n A I 1 w w/l d/l n Fig. 

rr.m mm mm ct ·mm mm /0 

0,1 0,083 D,83 0, 183 485 173 0,05 0,135 2,7 2 480 
II 0, '166 1,66 D,256 334 200 0,045 0,223 4,96 4 331 
ti 0,331 3,31 0,431 205 224 0,048 0,387 8,06 8 204 

N 

II 0,497 4,97 0,597 148 234 0,022 0,575 26, 14 27 148 
--> 

I 
II 0,663 6 ,_63 D,763 1'i6 2.4_0 0,069 0,694 10,06 12 116 N 

.11 0,828 B,28 0,928 95 244 0,035 0,893 25,51 29 95 
(.N 

II 1,657 16,57 ·.1,757 50 252 0,046 1, 711 37,2 43 50 
II 2,485 24,85 2,585 34 262 0,048 2,537 52,85 63 34 

0,042 . 0,083 1,97 0,125 712 207 0, 03.3 0,092 2,79 3 712 

0,084 0,166 II o,2s 356 207 0,06 0 ,.19 3, 17 3 356 

D,169 0,331 II o,5 178 207 0,122 0,378 3, 1 3 178 N 
~ .. 

0,253 0,497 II 0,75 119 207 0,104 0,646 6,21 6 11 g I 

0,337 0,663 II 1 , 0 89 207 0,24 0,76 3,17 3 89 N 
U1 

0,422 0,828 II 1,25 71. 207 0,341 ·0,909 2,67 3 71 

0,843 1,657 II _2,5 35 205 0,753 1,747 2,32 3 35 

1,255 2,485 II 3,75 24 208 1,185 2,554 2, 15 3 24 

H = 5 mm, D = 89 mm¢, A = Ot005221 m2 

Speci~icatio~s of specimens. 

Remarks 

.off-size 

off-size 

rl 
I 

N 



Nominal Specificatiohs 

rJo e d 1 w w/l W+l=p n A I 1 

deg mm mm rn m mm c1 mm /0 

17 15 2 0,093 o,s27 S,67 0,62 143 664 0,044 

18 20 ti 0, 124 0,70S " 0,83 107 S04 0,027 

19 25 II 0,1S6 0,887 ti 1,043 85 407 0,021 

20 30 II 0, 189 1,072 II 1,261 70 341 O,OS4 

21 45 II 0,292 1, 6S7 II 1,949 4S 23S 0,21S 

22 60 II 0,408 2,309 II 2,717 32 183 0,294 

23 90 II 0,706 4,0 " 4,706 19 135 O,S38 

24 10 2 0,24 tJ ,35 1,46 O,S9 1 SO 736 0,209 

25 15 " 0,22 O,S27 2,39 0,747 118 584 0,137 

26 20 II 0,2 0,70S 3,S3 0,905 98 484 0,074 

27 2S II 0, 18 0,887 4,93 1,057 83 413 0,047 

28 30 " 0,16 1, 072 6,7 1,232 72 3S9 0,068 

29 45 ti 0,1 1,657 16,57 1,757 so 252 0,046 

30 60 II 0,1 2,309 23,09 2,409 36 203 0,091 

31 90 II 0, 1 4,D 40,0 4, 1 21 147 0,091 

32 ~ - - - - - - 100 -
33 - - - .... - - - " -
34 - - - - - - - " -

.. 

3S 30 2 0, 16 1,072 6,7 1,232 72 359 o,068 

36 " " ti " " II II If 0,082 

37 II II " " II II " " 0,01 

Specifications of specimens 

Actual Specifications 

w · w/l d/l n Fig. 

mm 

O,S76 13,09 4S 143 

D,803 29,74 74 107 
N 

1,029 49,0 gs 84 O"\ 

1,207 22,3S 37 70 
I 

N 

1,734 8,07 9 4s co 

2,423 . 8, 24 7 32 

4,158 7.75 4 '19 

0,381 1,82 10 1SO 

0, 61 4,4S 15 118 

0,831 11,23 27 ·gs 
N 

1,02 21,7 43 83 \D 

1,164 17,12. 30 72 I 

(.,.) 

1,711 37,2 43 so Cl 

2,318 2S,47 22 36 

4,009 44,0S 22 21 

- - - .-
- - - -- - - - (.,.) 

1,164. 17,12 30 
_, 

72 

1,15 14,02. 24 "ii 

1,162 16,6 29 II. 

continued. 

Remarks 

off-size 

.off-size 

I off-size 

off-size 

off-size 

flat 

flat, black 

flat ,.specular 

black 

specular 

ri 
I 

c_,.J 
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APPENDIX F 

Microscope.Phot6graphs Shcrwing 

the·Cro~s Sections of 

. S p e c i me n s N CJ~ 1 - 8 a nd No • 17 -:- 2 3 .· 

Photographs are taken at 4 different magnifications~ 
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No . 8 

No . 7 

No . 6 

Magnific a tion 19x 
1 mm 
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Magnification 65x 

...._~~~~~1 mm~~~~--1 

No . 5 

No. 4 

No. 3 
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Magnification 131x 1/ 10 mm 

No. 2 

No . 1 

No . 1 

Top view 
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No . 23 

No. 22 

No. 21 

Magnification 19x 1mm 
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No. 20 

No . 19 

No . 18 

Magnification 32 , Sx .,__ __ 1 mm ---1 



F-7 

Magnification 32 , Sx i---1 mm-~ 

No. 17 

No . 17 

Top view 
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APPENDIX G 

Sample Calculations 

(Specimen No. 28) 

I. Relevant Eguatiohs 

As shown in Section 3.4, the experimental investiga-

tion is based on Eqs. (44), (45); (47), and (48): · 

T] 

T]rel = 

•*(-* * * *) = m c 1 T1 - cp 2 T2 p 

These equations were used in a calculator progtam (Texas 

Instruments SR 52) for evaluation bf re$ults • 

. II. Readings Obtained for Specimen No. 28 

By using the experimental procedure as described in 

Section 3.4.2, the following readings were obtained for 

specimen No~ 28 : 

(The corresponding t~mpetature recording thart is attached) 



G-2 

t--·-· 

' . . ' ' ----------

-~·- -3~;,~ J~~X~~~~==zi-~~--~~~~--~~=-sa 
P- ----•-• -- -~:.· = !-=-~==-~~~ -~_:~~=========~~-~-====.!_.==--======-~· ·- • 
---~-~~=~ -·=-~--.:~.~ :.--==-----~~--~-=:~=~-~---=----~-.:-=~----~-~- --~:.£=-~~-=- ::-:~=--==------ .~· ________ _;_ 

----~~~~=~~~-~-~:~: -____ -·-~~;~~-:-=~~~~~~~-~:~1:~~:-~-~;;~~-:r;:--~~~~~~~~~~--·:~=~~-
____ .--· - ·- ··-·-:--::-_~:::-.---::-::--:-:--:~-~:-:-::::::::::==-::-.-:-:-.::--;-:--.--. -:---:-:::~:' •. - _: ..::·:.~=·:. . : --~~~~.??..:::-

··--·--·-·-. -· -----··------ -- . --·· .. 

-~·~~tc--~tc·~~-j ~=:~~i~~~~~ 
--- ----=f~:= ~~E~=~2I!f\~~-~:{i~T~,~~~ 

-~_:~_::_· -~-- ~~=~-~~==~====:·~·· :~~= :~::=~:~-· :-~~~=~~~~-~~~~;t~:--=~-~~~=~=::=--~ 

:~-==-~~ 
--· -- ------·----·-i ··--· 
-------··------------- -- ---------------- -------- -.------_._---------.-------~---

=-~-~-~=--=..:=-··-=-~~-~=-:_-===~-=~-=.~~--~-~-·==--==--==-= ====~---------·--=--~=--=--===--=====-==-..:-•·- ~ _,,_ .. c;.t;~~7f ~~c';~~-~:c--~~:~::~~~~~ftf~~1~ 
... ·--~-- -----•-- - .... ------- ---- --· 

-=~=Cu~-~tt~:~!!t!!l!i~=E-~~~~ 
Range t 0,05 mV for T 2 

0,25 mV for T1 , 

Temperature recording chart. 
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Readings: 

Irradiance on specimen E = 15,86 mV 

Flow rats of glycol 
. 
m = 204,4 g/6 min 

Ambient air temperature TO = 18 '5 oc 

Glycol temperature 

at calorimeter inlet T 1 = 0,136 mV 

Temperature difference 

of glycol between 

calorimeter outlet and inlet . T - T1 = 0,747 mV 2 

Surf ace temperature of specimen T3 = 1 '067 mV 

III. Conversion and Interpolation Equations 

The readings were entered in the calculator program 

for conversion and computation. The following conversion 

procedur~s and interpolation equations were used in the 

program: 

a) Given calibration for solarimeter, 

1 mV EMF = D,0118_1. W/m2 

b) The copper-constantan thermocouples were calibrated 

in situ.by means of a 3rd degree Lagrange interpola­

tion equation applied to 4 key te~peratures (0 °c, 

33,00 °c, 66,00 °c, 99,68 °c). The smooth temperature-

EMF relationship, 

T [ o C] = f ( U [ m V EMF] ) , 

generat~d by this method is 
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r = 25,78 u - o,6392 u2 + 0,015568 u3
• 

c) · The temperature dependent specific heat of g 1 y.c ol 

(99 % ethylene glycol) was determined by applying a 

linear interp6lation equation to 2 key values taken from 

[46]. The temperature~specific-heat relationship, 

c [Wh/kg°C] = f(T [ 0 c]), p 

generated by this method is 

c = 0,0013 T + D,64.7. p 

d) The total heat 16sses, q1 , of the system at the tem­

perature difference (T 3 - T0 )* were found by using 

a least square method. As shown in App. K, a least 

square curve fit was applied to the r~levant experimental 

results for q1 , w.hich are plotted in App. I. For realis­

tic approximation, a quartic regression equation of the 

type 

was chosen. With reference to specimen No. 28 and App. K 

the relevant regression equation is 

ql = D,'.l53.(T3 - To). + 0,787x10-
7 

(T3 - To)
4

• 

e) The efficiency ~ 32 of the flat reference specimen 

* No. 32 at the temperature difference (T3 - T0 ) was 

al~o found by using a least square curve fit. A linear 

regression equation was applied to the relevant experi-

mental results obtained for ~ 32 • With reference to App. K 
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the relevant regression equation is 

. This equation provides also a ~eans for determining the 

absorptance of. brass, the material from which all speci-

mens were machined. Under the hypothetic assumption that 

no heat losses occur, i.e., T3 -T0 = O, ri 32/100 equals 

°'32 (see Eqs. (44) and (48)). Hence it follows, in agree-

ment with App. J ' that 

°'brass·= °'32 = T132/100 = D,44 • 

IV. Experimental Results for Specimen No. 28 

Subject to Sections II and III, the final res8lts 

for specimen No. 28 are as follows: 

E 1344 LJ/m 
2 

= 
A 0,006221 2 

= m . 
2,044 kg/h m = 

TO = 18,50 DC 

T1 = 18,91 DC 

T2 = 22,28 DC 

T3 - 26,80 DC 

c p1 = D,659 l:Jh/kg°C 
I o c p2 = D,661 L./h kg c 

T3 "."" TO = B,3 DC 

ql = 1 '27 LJ. 

T132 = 28,65 % 
a = 0,44 
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Th~ computation (program) yields: 

'llrel 

a ef f 

= 2,044 (0,661 x.22,28 - .0,659 · x 18,91) x 100 % 
1344 x 0,006221 

= 55,38 % 

= 55,38 
28,65 

= 1 '9 3 

22044 (0,661 x 22!28 - 02659 x18 2 91} + 1 2 27 - 1344 x 0,006221 

= 0,71 

These experimental results, aeff = 0,71 and T)r~l = 1,93, 

are labeled with z1 in Fig. 29 and z2 in Fig. 30 respec­

tively. 

V. Theoretical Results .for Specimen No. 28 

The correspondihg theoretical (nominal) values for 

aeff' plotted in Fig. 29 for the purpose of comparison, 

are labeled with 

z3 using actual groove data and 

assuming diffuse surface prnperties, 

z4 using nominal groove data and 

assuming diffuse surface properties, 

z5 using nominal groove data and 

assuming specular surface properties. 
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The different values for aef f are computed by evaluation 

of Eq. (40) in conjuriction with Eqso (28} and (37) 

(cf. Section 2.4). Using the relevant actual/nominal 

groove parameters 

e = 30° 

w d e 
17' 12 I 6,7 I = 2 - tan - = l 2 

for specimen No. 28 (App. E) 
' 

it .follows: 

1 
a a,d = 0' 44 ( 2 ( 1 0,44)(1 

1 
+ 2· ( 1 0,44)(1 - -

= 0,74 

a = 1 - (1 - 0,44)
6 

a,s 

= 0,97 

With respect to z3 : 

= 0,74 x 17,12 + 0,44 
1 + 17,12 

= D,72 

With respect. to z4 : 

a eff ,d 
= 0,74 x '6,7 + 0,44 

1 + 6,7 

= 0,70 

With respect to z5 : 

+ 

-

cos 30°) 

sin15°)) 



a eff ,s 

G-8 

= D,97 x 6,7 + 0,44 
1 + 6,7 

= 0,90 

It may be seen that--i_n this case--the experimentally 

obtained effective absorpt~nce, aeff' equals the theoret­

ically obtained effective absorptance (cf. z1 and. z3 in 

Fig. 29). The accuracy of the above results is discussed 

in Appo H (Error Analysis). 
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APPEND.IX H 

Error Analysis 

I. Introduction 

From the point of view 6f reliability estimates, 

. experiments--in general~-fall into two main categories: 

single-sample experiments and multiple~sample experim~nts. 

Uncertainties of the latter are evaluated by repetition 

and estimated by means of statistical methods, thus pto­

viding a high reliability and accuracy~ 

Multiple-sample experime~ts were carried out with 

th·e flat reference specimen No. 32 as shown in App. J. 

It was found that the re~ulting absorpt~nce of this spec­

imen, a = D,44, can be regarded with 95 % confide~ce as 

being accurate within ± 2,8 % • 

All other experiments fall into the first categoryo 

Although they .are not single-sample experiments (they 

were carried' out at least twice), further repetitions 

were neither sensible nor possible bec~use of the length 

of time involved. It must be remembered that each expe­

riment (620 in total) required a settling time between 

30 and 120 minutes. What is more, the absolute values of 

absorptance and efficiency ara of less significance than 
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their overall trend. This has been discussed in Chapter 5. 

However, the analysis wi 11 s.how that the errors in 

measurements were so small as not to affect the trends 

being infe~Bd from the experiment~l results. 

II. Analysis 

Inspection of Eq. (44) and (48) reveals that the 

main experimental results for n and aef f are governed ~y 

·the expression 

.8 = E A 

The overall, most probable, error in evaluation of the 

abov~ expression can be defined according to the Error 

Propagation L~w: 

2 · o e o e 2 o e 
6 l:IT ) 2 ( o e) = ( o~om)2 + (~ 0 Cp ) + ( o 6 T p 

o e 2 0 e 2 
+ (b[oE) +. (ii 6 A) 

Performing the partial derivations and dividing by e 

yields 

8 e 
e = 

o ni 2· o cp 2 o l:I T 2 o E 2 1 12 [ ( ) ( ) ( ) (-·E-) J. • ITl + ---cp + "'""""KT + 

F~r evaluation of this fractional error, oe/~, the four 

err or co n tr i b u t i o n s , 6 m , 6 c p , 6 LH , a n d 6 E , ha v e t.o b e 
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determined. as follows: 

a) The flow rate of the glycol was measured by means of 

a stopwatch and a balance, resulting in 

m :::: G [g]/t [sec]. 

Assuming an error of ± 0,2 g in weighting and an error. of 

± 0,2 sec in measuring the time interval (6 min)'· the max­

imum e r r or i h th e av er a g e f 1 ow r at 8 , -rri-:- = 2 0 0 g / 6 m i n , 

· c~n be calculated as follows: 

6-ffi-. = ± ( o-m- 6 G 
b G + 

o.-m- o t 
0 t ) 

+ (6tG G - - + -T 6 t) t . 

= ± ( _9_.tl 
360 + 3

2
6
°
0
°2- x 0 , 2 ) g /s 8 c 

= + 0,009 kg/h 

b) The specific heat of ethylene glycol, as taken from 

[46], can be regarded as being accurate within. 

+ 0,005 cal/g°C. Hence it appears that cp is accurate 

within ±. 0,006 lJh/kg 0 c. 

c) The temperature readings taken after in situ cali­

bration of the thermocouples (see App. G-3) proved 

to be accurate within ± O, 05 °c , as compared to standard 

thermometer readings. Hence 6T is accurate within 

± 0,05 °c. 
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d) The uncertainty of the measured irradiance E is a 

function of the following factors: 

1. The stability (<3 % ) of· the irradiation 

incident on the specimen ~urfac~ area 

2. The manufacture~s stated accuracy of the 

solarimeter being<± 1 % of output 

3. The manufactureis stated accuracy of the 

digital millivoltmeter being 

± (0,03 % of reading ± 0,02 % of range) 

It is obvious that the errors caused by the instruments 

are negligible, as compared to the fluctuation in irradi-

ance. Therefore, the irtadiance can be regarded as being 

accurate wi thiri ± 3 % • 

With this information (a-d) on hand, the over~ll, 

most probable error, 5e/e, can be evaluated~ This is 

carried out for the experimental results obtained for 

specimen No. 28 (see App. G-5) as follows: 

be [(0,009)2 (0,006 2 (0,05)2 (0~03)2 ] 1 / 2 x 100 % = ) + 8 3 . + e 2,044 + 0,659 
' 

( . -5 -5 -5 9 x 1 o-4 ) 1 I 2 x .1 o o % = 1,9x10 + B,3x10 + 3,6x10 + 

- 3 % 

Inspection of the above computation reveals that the over­

all error is mainly affected by the error in£, i.e., by 

the stability of the irradiation. 
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Applying the above overall error of 3 % to the 

results obtained for specimen No. 28 shows that the trend 

of the experimental points plotted in Figs. 29 and 30 

can 'hardly be affected: 

~rel= 1,93 + 0,06 

aeff = 0,71 + 0,02 

The calculated overall error of· 3 % compares favour­

ably with the error in a of specimen No. 32 , which was. 

found to be 2,8 % (see App. J). 
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APPENDIX I 

Total Heat Losses of Specimens 

Comment: 

The experimental determination (described in Section 

3.4.3) of the total heat losses of a Selettion of speci­

mens was required for the ev~luation of Eq. (48), i.e., 

of aeff • It is worth mentioning that, as far as the work­

ing temperatures are concerngd, the groove depth as well 

as the groove angle had no significant influence on the 

total heat loss of a specimen. A significant increase in 

heat loss with decreasing groove angle occured only at· 

high temperatures (see App. I-4). 
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Legend 
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/ 
/ Symbol Specimen No. 

• 32 (blank) 

® 33 (blackened) 

0 32 (blank with 

glass cover) 

(For curve equations see App. K) 

Total· Heat Los~ of Flat Reference 

Specimens No~ 32 and No. 33 

• 

0 ~~-'-~~--~~---~---'~~---~~--~~---~~---~--'-~~-4-~~-'-~---
0 '10 20 30 40 50 . 60 

Difference between Surface and Ambient Temperature T3- T0 [De] 

H 
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... 



,......., 
3 .__, 

...-! 
CT 

. (/) 
(/) 

0 
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Legend 

.symbol Specimen Groove 
No. angle 

.&. £;.. 2 45° 

... v 6 45° 

• <> 8 45° 

twi th glass cover 

(For curve equations 

see App. K) 

Groove 
depth 

0,2 mm· 

1 '0 mm 

2,0 mm 

· ... /~ 
.. /· 

<> 
<> 

' t 
·~; 
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Total Heat Loss of S~ecimens No. 2, 6, 8 
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Legend 

Symbol Specimen Groove Groove 
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... /:::,. 17 15° 

TV 2d 30° 
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• 0 23 90° 

f with glass cover 

(For curve equations 

see App. K) 

' ·, .,,,,~ . Lo_...,~· 

/9~ 

depth 

2 mm 

2 mm 

2 mm 

2 mm 

"21 

Total Heat Loss of 

Specimens No. 17, 20, 22, 23 

. 
A. 

.· /T .· 
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APPENDIX. J 

Absorptance of Flat Reference 

Specimen No. 32 

The experimental determinatlon of the absorptance a 

of the flat reference specimen No. 32 was required for 

the evaluation of Eqo (40). Jhe following results, plot­

ted . versus T 3 - T 0 , show that a is i nd e pendent of temper -

· ature; a necessary conditio~ for further experiments~ 

The confidence limits, being ± 2, 8 % of the true mean of 

a., correspond ·very well LJith the overall measuring error 

of ± 3 % . (cf. Error Analysis, App. H). 
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Specimen 

No. 

2,6,8 

2,6,8 

17 

23 

17,20,22,23 

17,20,22,23 

32 

32 

33 

32 

33 

34 

35 

36 

37 

K 

APPENDIX K 

Least Sguare Curve Fit Eguations 

Symbol 

App. I-3 .A. T + 
II 

App. I-4 

II • 
II 

. II 

App. I""'.'2 • 
II 0 

II 

Fig. 31 0 

II • 
II <> 

II 

II 

II • 

Rigression Equation 

(!::. T - T 3 - T 0 ) 

-7 4 
q 1 =0~161b.T+0,31x10 !::.T 

q 1 =0,1346T 

-7 4 
q l = 0 , 1 5.3 EH + 1 , 31 7 x 1 0 6 T 

. . . -7 . 4 
q

1
=0,153b.T+0,246x10 t::.T 

A · -7 4 
q 1 = 0 ' 1 5 3 u T + 0 ' 7 8 7 X. 1 0 b. T 

q
1

=0,1306T+ 0,013 x 10-7 t::.T 4 

. -1 4 
q 1 =D,1586T+0,062x10 LlT 

. . -7 4 
q1 =0,127b.T+0,296x10 LlT 

-7 4 q1 =0,1736T+1,233x10 b.T 

TJ = 44,2-1,873b.T. 

TJ = 1 O 2 , 5 - 1 , 9 3 5 Ll T - 0 , OU 5 Ll T 2 

TJ. - 42,2 -1,887 l\T 

TJ 73,7 -1,725 LH - 0,003 tiT
2 

YJ = 107,4 -2,176 b.T- 0,001 t::.T
2 

YJ = 94,7·-1,B43LlT-O,D01l\T
2 
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APPENDIX L 

Solar Energy Collection in Space 

1. A flat black.surfac.e (e.g. specimen No. 33) is used 

for solar energy ccillection in space. The surf ace 

absorptance for solar radiation {X = 0-2 µm) is., ideally, 

assumed to be n 0_2 = 0,95 , whereas the infrared emit­

tance (A = 2-coµm) is assumed to be e: 2 = 0,94 • The -co 

surface is to be maintained at a temperature of T = s 

116 °c = 389 K by extracting useful energy~ Then the net 

energy whith can be extracted is given as follows: 

qnet = qabsorbed -qemitted 

where 

E = 1353 lJ/m 2 (Solar itradiance) 

a = 5,6693 x1o-8 lJ/m 2K4 (Stefan-Boltimann constant) 

f'0_2 = o, 94504 

f'o-2 = 0' 106 x 1 o-4 

(Fraction of blackbody func­

tion foi cutoff-wavelength­

temperature-product 

·A. T .- 2 x 6000 µmK) c sun 

(A. T ·f = 2 x 389 µmK) c sur ace 

lJith these values, and since ideal cutoff at 2 µm is 

assumed, i.e., a 0_2 = e: 0_2 and a 2_co = e: 2_co, the· above 
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equation can be solved: 

q n e t = 1 3. 5 3 ( 0 , 9 5 x 0 , 9 4 5 0 4 + 0 , 9 4 ( 1 - 0 , 9 4 5 O 4 ) ) 

- 5,6693x10-8 x 389 4 (0,95 x 0,106 x 10-4 + 0' 9 4 (J -
4 2 0,106 x 10- )) lJ/m 

= 1285 - 1220 tJ/m 2 

= 65 tJ/m
2 

2. Instead of a flat black surface, a flat chromium 

plated surface (e.ga specimen No. 34) is to be used. 

The .solar absorptance of the chromium plating proved to 

be a = 0,42 , whereas an infrared emittance of e ~ 0,1 

can be assumed. lJith these data the above calculations 

yield:. 

qnet = 1353(0,42 x 0,94504 + 0,1(1 - o,94504)) 

- 5,6693x10-8 x 389 4 (0,42x0,106x10- 4 + 0,1(1-

0,106 x 10-4 )) tJ/m 2 

= 544 - 130 Ll/m 2 

= 414 tJ/m 2 

3. By V-grooving, the absorptanc·e of the chromium plated 

surface.increases to aeff = 0~94 (see results for 

specim~n No. 37). Assuming that Eqs. (40) and (30) can 

be applied to the emittance e = 0,1 , it follows that 

eeff = 0,29. Llith thes~ data the above calculation~ 

yield:. 

qnet = 1353(0,94 x 0,94504 + 0,29(1 - 0,94504)) -
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5,6693x10-8 x 389 4 (0,94x0,106x10-4 

0,106x1o..:. 4 )) lJ/m 2 

= 1223 - 376 W/m
2 

= 847 lJ/m
2 

+ 0,29(1 -

Although these examples are very special cases, they 

nevertheless demonstrate the advantageous effect of 

V-g~ooves applied to specular surfaces. 



NOM£NCLATURE 

(Symbols cited in the literature survey as uell as common 

mathematical symbols are not listed to avoid confusion, ) 

!!.ill 
0.. absorptance 

substituted function as defined 
by Eqs, (14} and (16) 

:projected surface area of s'pecimen m
2 

grooved surface area of specimen m
2 

:constant 
I y 

6 

substitution as defined by Eq, (15) -
1constant 
specific heat capacity of glycol 

diameter of specimens 

idepth of V-groove 

irradiance per unit area 
(flux density} 
local irradiance per unit surface 
area 
error as defined in App, H 

configuration factor 

blackbody function 

ueight of glycol 
thickness of specimens 

number of reflections 

kernel of integral equation 

·quantity as defined by Eq. (36) 

Wh/kg 0 c. 
mm 

mm 
tJ/m2 

w/m2 

kg 

mm 

uidth of V-groove side mm 

uidth of V-groove side as shoun 
in Fig, 6 mm 

·uidth of land between V-grooves 
as shoun in Figs. 9 and 13 mm 

flou rate of glycol kg/h 
total number of V-grooves on a 
specimen 
pitch of V-grooves as shoun in 
Fig, 13 mm 

heat transfer rate IJ 

temperature De 
time interval sec 

, thermocouple EMF mV 

; uidth of V-gcove opening mm 
Id. . . . d' 
I imens1on1eas coor inatc (x/L) 

: coordi na ta mm 

! dimensionless coordinate (y/L) 
coordinate mm 

coordinate mm 

'1 
a 
). 

~ 

p 

a 
'T 

' cp 

angle of reflection 

emittance 

absorption efficiency 

groove a11gle 
uavelength 

dimensionless variable 

reflectance 
Stefan-Boltzmann constant 

transmittance 

radiant flux 
. image angle as shoun in Fig, 5 

Subscripts / Suoerscripts 

a apparent· 

c cutoff 

d diffuse 

ef f effective 

i number of reflections 

1 losses 

rel relative 

s specular, or surface 

0. absorbed 
0 ambient 

1 inlet of cal.orimeter 

2 outlet of calorimeter 

3 surf ace of specimen 

* quantity related to (T3-TO)* 

auxiliary quantity 

., 

deg 

% 
deg 
µm 

tJ 

deg 




