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ABSTRACT

The thesis presented is a study of the'absorptidh 
_Cha;ééﬁeristicé oF_diFfusely and sbecularly reFleCting
‘Ufgrooved surfaées. Cohcepts are developed for the so-
called “apparent"’absorptancé.of a U-groove éavity, as
well as for the "e%Fective" ébsorptancé of a U-grooved
surface}_ These concepts are formulated in closed form
mathematicél equations, which facilitate both the opti-
mizatiqn of V=grooved SUrfapes and theif‘ engineering

design. -

In order toiverify the-théoretical anéiysis,
expe;imenfé aré carried out on 34 V-grooved b:ass speci-
mehs; In addition, the experiments are meant to provide
'information about the behaviour of such surfaces used
for solar gﬁergy_collectioh; For that burpOse, the
_speciméns-are Q*posed to simﬁlated sunlight, and their
effective absorptances, as well as their absorption effi-

ciencies, are .determined by a calorimetric method.

The highlights among the results are:

Te V~-grooves--carefully optimized_and applied to.
a solar energy absorbing surface--can raise
its absorptance almost to unity and improve

its absorption.efficiency.
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Best performances at elevated temperatures
can be expected from using metai-surfaces
which are provided with specular V-grooves.

having a small groove angle (<30°).

The optimal groaove ahgle is dependent on

(1) the reflection properties of the sur-

face, (2) the absorptance of the surface

material, and (3) the ratio_df.grdove

‘depth to width of.land which occurs

betueen grooves.,
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NOMENCLATURE

(For quick access to the nomenclature?a‘Fold-out uersion
is included after the appendices.
Symbols cited in the literature survey as well as common

matﬁematical symbdis are not listed to avoid confusion.)

Szmbdl - S . Unit
A projected surface ‘area of speciméh o -m2

A . gfooued surface'areavof specimen : m2

‘a' : constant E . ' Co-

b o constant '; ' A ' Co=

Cp , specific.heat‘capacity of glycol | . Uh/kgOC
D diameter of-specimensv : : _ mm.

d | deﬁth of V-groove | _ ‘ - o mm

£ irradiance per unit area . U/m2

(radiant flux density)

E' (x,y) local irradiance per unit suffaceAarea | U/m2
e error as defined in App.H ' -

Fo cbhfiguration Factor (angle factor) -

f  blackbody function = | -

G ~ mass ‘of'glycol _ L E kg

H thickness of specimens mh 
i v number of.reflections' R | -

K | kérnei of integral equation ~-

K quantity as defined by Eg. (36) A _ -

L width oflv—grooue,side ‘ - _ | : - mm

x 1
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NOMENCLATURE (continued)

- Symbol | " Unit

L' uidth_of U—groove side as shown in Fig. 6 mm"
1 | width of land betﬁeen U-grooves as shown
in Figs. 9 and 13 | |  mm

m flow rate of glycol - " kg/h

n tqtal'numﬁer of Uégrobves‘orlaspecimen -

p ﬁitch of V=-grooves as'shdun in Fig. 13 mm

g - heat transfer rate v : W

T ‘temperature | | . °c

t time interval ' . sec

U - thermocouple EMF ' mV:

W width OF.U—groové'dpehing ~omm

X dimenéionless coordinate (x/L) -

X coordinate . B o A o - mm

Y | dimenéioﬁless coordinate (y/L)" | -

y coordinate i . o mm
oz ' _coordinate‘ S mm -

| .... |
a absorptance ‘ A _ -
B n Substifuted function aS'deFihed by

" Egs. (14) and (16) -

Y | ~substitution as defined by Eq. (15) : -

) angle éf.reflection o o | | deg
€ ‘emitta%ce‘ ' B - -

n "absorpfion efficiency ' 4

B : groove .angle | o o deg
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NOMENCLATURE (continued)

Symbol

LS %

A .uavelepgth

5- dimensionless variable

‘p . reflectaﬁce

o Stefan-Boltzmann constant

T transmittanoe:
N 'radianﬁ Flux

® imége éngle as shoun in Fig. 6

Subscripts / Superscripts'

a apparént'v

c - | CutoFF:

d diFFus% 

eff  eFFeCtive

i number of reflecfions'
1 ~ losses

rel  relative

s specular, or surface
d . abscrbed

0 ambient
1. “inlet of calorimeter
2 outlet of calorimeter
3 surface onspécimen
. quantity related to (T, =T )"

! . auxiliary quantity

Uni

it

pm

deg.



CHAPTER 1

INTRODUCTION

1.1 ORIGIN OF THE PROBLEM

In recent years, marked attention has Béeh-péidrto
radiation heat-trénsfer in surfaces as a result bf the 
growing interest in the utiliéation of solar energy and
the. development oFlso—balled "selective" surfaces. Al-
‘though all natural surfaces may be termed selective in
the sense that their radiative propérties‘are anelengthf
dependeht,*the term is also used to refer to an artifi-
'cially_ihcreased~ratio of_tbtal absorptance For solar
“radiafion‘to total emittance for inFrared radiation. To
achieve such selectiQe properties, a number ofﬁfeChniques,
have been.devéloped during the last 20 years., Thesej.

technigues are based upon the Fbllouing‘pfinciplés:

.Sélective absorption coatings

" Optical interference

‘o

Dielectric reflectors

‘Microporous surface textures

°

(6 IS N I N, BN
L]

Grooved or corrugated surfaces

Since thé'greatést'draubaék to the use of soiar'en—
ergy over conventional énergy'(at.the present) is the
lohg payback period, the'bollection of solér-energy must
‘be}opfimized on ah economic basis. Of the five-hethods

mentioned above, the grooving or corrugating of absorber



surfaces offers great potential in this reseect.

_Typicaily, as will be shown in-the. literature sur=-
'vey, grooves or corrugations are applied to metallic |
solar'absorber‘surfaces in wedge. or V;shaped profiles,
- This configuration-ﬁacilitates both the_manufacturing
process and a possible heét transfer analysis. 'Fufther-
mere, a V-shaped ﬁetallic surface takes'advsntage of the
~effect that the moderate absorptanee of metals increases
almost to unity by multiple reflection (as will be demon=
strated in teis thesis), uherees‘their emissivity remains

at a relatively lou level.

Houever, tHere is recent experimehtai evidence (1]
that the above effect is a function of parameters which
‘haue not -been adequately investigated. ftitherefore
appears to be eseful,.particulafly with respect te the
design of solar collectors, to examine more closely the
.interdependence of such parameters, and to enable the
performance aof U—groeved absorber surfaces to be opti-.

mized,

1.2 LITERATURE SURVEY

- The effect'of'surface texture on its radiation heat
transfer'pioperties did not receive signifieant attention
before the middle of‘thiS'Century. Houwever, as far as
grooved surfaces of selid.and'opaque materials are een—t

cerned, some early observations and fundamental experi-



ments are noteworthy to demonstrate the development and

limits of a theoretical approach to the problem.

Probably,ohe of the earliest references to the
efféct of surface texture was by P. Bouguer (1698-1758).
_Studying the reflection of sunlight From>pdlished and
rough surfaces [2], he observed thét the intensity of the
reflected light‘decreased‘uith'decreasing angle of ihci—
dence,as well as with the degree of roughness. He ex=
plained'the latter by-assuming tﬁaf the roughness of a
.surface ban be represented by little hemi;%eres aé shouwn

in his illustration:

Bouguer's original
illustration [2] of

a rough surface.

A beam‘oF light falliné on abQQe sufface suffers
moré than one reflection within the small hemispheres
and is consequently attenuated. What 1is hore, Bouguer
Concluded.that this multiple reflection contributes to
the heating ofAthe supféce.. The preseht thesis uillvshou

that this observation is perfectly true.



Almost a century later, Bouguer's discovery was in=
 vest1gated from a different p01nt.of view by J. Leslie.’
(1766-1832). Leslie observed [3] thaflby grooving the

" surface of avheated,metallic'body,;its emission of radi-
ant heat increased in proportion to the extent of
.grooving, As a result of his experiments he stated that
the absorptive‘pouef of a surface .is propqrtional to its
'emiséive pouér5 and inversely propoftional to its reflec-
tive pouer, This can be regarded as the simplified

"Kirchhoff's Law", which was laid down 50 years: later,

However, Leslie's statements may be expressed by
using the propo:tidnality factors C1 and CZ? and by
defining a factor K = ﬁ(surfacevtextUre) as follous:

“total = ©1 %total T 1K %surrace = X (C /psurface).

The first theoretical explanation for Leslié's_exper-
imental results uas given'by.uf Ritchie_[A] in 1824,
Ritchie ‘assumed that a cross section of a grooved surface
could be represented by equilateral triangles joined
closeiy togethers

A DB __

NAVAV

Ritchie's original
illustration [4] of

ra grooved surface.,




By purely trigonometrical considerations for a
'single triangle he came to the FolloUing‘conclusion. The .
heat QAB radiated from the opening'AB of a triangular

" cavity is given by

| ' . .ace . Hdac . Uac
Upg = (QAC+ QBC)Slnf¢ > T ( 7t T2 )reflected

and'conéequently almost doubled since’

Uac = Upc
Sirlqﬂgﬁ = sin 30° = 1/2

and since reflection on a metal surface can'approach
total reflection. Designating < ACB aé 8, Ritchie's

conclusions may be expressed as

sin % + p®

%iotal = 2% ide ®side

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

Chépter 2 is remarkable.

'V-Lesiie's experiments, in conjunction with similar
experiments carried out by M. Melloﬁi during Ehe'pefiod
1838-1841 [5,6], H. Knoblauch in.1847 [7,8], and G.
Magnus during the period 1865-1869 [9,10], led to a noté;
worthy éontrogersy about uhét was cauSingifhe augment-
~ation of the emissive and absorptive -power of rough
surfaces. Melloni and Knoblauch. were of the opinidn that
the process of roughening of grooving had reduceﬂ the
density of the'surface material and thereby givén rise
td»an incfeased emission and absorption, Their basic -

idea was that fadiation does not bnly emerge from- the.



- outer Surfabe;but élso from layers inside the material,
Using a similar Qﬁncept Magnus, on the other hand,
bélieved that a grooved éurface (uhich he assumed to be
sau-tooth shaped) reduces the index of reFrabtidnjfor
thermai radiafion. This reduced refraction’index,_espe—
.cially of metals, he regarded as being responsible for

the observed.increase in emission.

The controversy continued, but research gradually -
resumed élong.the path of Ritchie's work in an effort
to find a surface geometry which might be representative

of a grooved surface as a whole,

 In-thé search for an ideal and neutral receiver
for radiation (black body), C. Féry investigated in 1909
[11] a corrugated Surfacé made of uédge—shapédlcaQitieé
blackened on the inside. He believed that each beam of
rays>having enteféd a cavity was subject to the same
“interreflection pattern,'irréépective‘of.its location of

incidence:

Féry's original illustration
[11] of multiple reflection

in a wedge=-shaped cavity.



In this way the absorptive power of the cavity was éub—
‘stantiallyrincreaéed, an effect which féry explained aé
followss: Assuming tHat'the number Qf reflectioné suﬁfefed
by a single ray is- N'=.180/d‘, where a is the angle at
the vertex Df‘the cavity, he stated that the reflective _

‘pouwer of the cavity is -KN , and the

Absorptive power = 1 - KN. (1)

It is interesting to note that Eg, (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 Féry.

That Féry was mistaken in treating a black surface
as being specular was realized by C. E. Mendenhall in
1910 [12]. Nendenhall carried out.similar expefiments an
V-groove cavities made ofiplatinum strips.- Trying:to
find olUt how closely the radiation from the inside of his
Caﬁity approximated that of a black body at the-samé teh—“
perature, he defined an efﬁeétive'absorbing pouer,’A, for
two different cavities. For a_bavity with specular sides,
he agfeed uitH Féry's equation, which he wrote in tﬁe

form

FFor a cavity with a matt surface, Mendenhall could only
give an estimate of the average. absorbing power by con-

sidering the diffuse reflection pattern at the centre of



the cavity side. His estimate may be rewritten in a

general form:

a = Q [1

eff ~ “eide (1= arctan(sin 'e/(cos19‘0’5)%/180’)]*1 (2)

_pside
'Inspectidn of £Egs. (2) and (30) reveals a remarkable

‘similarity, the only difference being the last term.

‘This term in Eq. (30),(1 - sin.e/Z),is'a configuration

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

well approximated in Eq. (2).

 As ﬁentioned'at the beginning of this survéy, radi- .
ation heat transfer properties of grooved surfaces | |
recéived'intensified attention after the 1960'8; As far
as V=grooved surfaces are_concerned,‘the main interest
pertained to quéstionsvof their thermal emissivity or
heat emission [13-22]. Only a feu pabérs aré known
- dealing with fhe absorption characteristics of V-grooved
surfaces ar U—groove“cavities,.thbugh these are similar

to the emission characteristics.

The first, and probébly the only Imathematicaily
exact analyéis of thefmal radiation absofptioh in single
V=-groove cavities was given by E. M. Sparrou and S. H.
Lin in 1962 [23] with reference to a preceding analysis
~of 1961 [24], Sparrow and Lin gave conéiderétioh to cav-
ities whose sides are either diffuse or specular reflec-
tors (receiving radiant energy in a diffuse form or as a

bundle of parallel rays). Since the latter problem is



‘the object of this investigation,Sparrow and Lin's results

will be summarized in some detail:

As far as parallel'raysventering a'épecular cavity
- are concerned, Sparrou and_Lin Folioued Mendenhall's.,
results by deFining.an Wapparent" absorptiyity, da,vof.a
cavity, such that

i i

o = 1-p =1 - (1-a), -3

a S )

" Realizing that the number of reflections, i, is depehd—
ent on groove angle, 8, and angle of incidence, Y, they

extended Eg. (3) into

o =
a

L= T (a(sin((r = $)0+¥))/sin(F+y))sin(3+y)
¢ (1=(1-0) " (1ma(sin( (3= Do-v))/sin(@=y))sin(E-v)]

x (2 cos v sinv%)—q; o : (4)

As far as diffuse feflectingvcavities'are cdncefned5
- they considered the energy locally incident per unit sur-
‘Féqe'area, the integration of which resulted in the total
incident energyvper cavity side. This ied to a bair of
dimensionless integral équations,
| ) 1 ~ ] .
F(&) =a+p [ g(n) dFeg_ , a(n) =a +p [ F(8) oF ¢, (5)
ol o g€-n 0 o om=87 7
whose solution was bbtained'numerically for certain a and

f-values. With this solution the apparent absorptivity
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could be evaluated by performing the integration
1 ’ 1 _ '
o = f F(E) dE + f a(n) dn . | ~ (6)
0 1) :

a

Sohe final results are shouwn-in App. A and are replotted
in Fig. 2 3 they will be discussed in more detail in

Section 2.2.1.4 .

Sparroufs method of analysing the heat transfer
behaviour of VU-shaped (and similar)vcavities became the
underlying principle for all furthef theoretical investi-
gétions. .Recent ubrk [16—22] has been merély a refine-
ment of Sparfou'é approach uiﬁh respect to vafious sur=-

Face'propertiesa

The use dF V-grooved or V-corrugated surfaces for
solar energy cdllectorsf-particularly for solar air
heaters—FUas suggested‘For'the first time by.H. Tabor in
_1957 [25], and has'since been studied by.teahs-ih France,

- Australia, Israel, and U.S.A.

Trombe and Foex.in France demonstrated in 1958 [26]
that the pecuiiar radiatiQe Charécteristic of polished
zinc (very lou;emissivity in the infrared and moderate -
absorptivity in the visible spectrum) could be favour-
ably utilized for solar air heaters. Ffolding the zinc
absorber plate into, For>exam§le, 30° Vees, would résult
in an effective ébsorptiqn of more than 90%, gndvthe

emission loss uould be not . more than 1D-15%vat a ubrking
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oc.

: ﬁemperature of 100
A different aspect of U-cofrugated absorbers for

‘ .solér collectors was studied by K, Gf T; Hollands [27]

and D. J. Close [28] in 1963 in Australia. Hollands uti-
-lized the directionally selective propertieé of a U—groové
to optimize the absorptiveApduer,téking into account that |
the'solar'radiatiOn over a year is directional in charéc-
~ter. Realizing that the sun's incidence_anéle throughout
the year is 50% more often in the range 15 to 30 deg than
it is within the rénge 0 t0415'deg, he defined an average

yearly solar absorptance asy,as follouws:

ey, = (RO c w2 (7)

The.additional applicatidn oF_a‘spéctrally'selectiﬁe
cdéting would méke such a selected-U—corrugatidn both
,Adirectionally,aﬁd épectrally selective.

In a theofetic;l design study of solar air heaters,
Close demonstrated that é U;corrugation,vdeéigned éccbrd-
ing to Holland's‘principies and having-a heat transfer‘
su:face doublé that for a Flatiplate; would be superior
‘to flat black and flat selective surfaces under all test

conditions.

The fact that a V-corrugation of an absorber plate ,
whilst increasing the collector efficiency, also involves
higher costs of material, was pointéd out by W. W. S.

Charters in 1972 [29]. Using a Computerized analysis Forv“
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.

twuo different types of V-corrugated ( Height ;YSle) air
hééters; Chartefs investigated the heat gain per unit
actual. surface area, thus taking into account the amount
of material réquired to fabricate the absorber plate. On
this-basié thé performance oF_a 1200'v—corrugation turned
out to be most economicalj but such a uide-angled‘grdove
hasvliftle advantage over a F;at surﬁace.as uili be shouwn

later.

Up to thisvpoint, all the work discussed has inf
volved large V-grooves (in the order of centimetTes)."
These grooﬁes are nbrmally manufactured by fhe behding.of
sheét‘metal, and,typical applications include théir use
in air_Heaters. ‘For some éolar applications, however,
~smaller grooves (in the order of millimetfes)'are found
to be more sQitable;’ This is particuiarlyvtrue if

grooves are to be cut into thin surfaces.

Only tuwo experimental_investigatiéns of Véfy small
Ufgrooves are known so Faf, the first being reportgd_by
C. P. Butler et al, in 1962 [30]. Their report is con-
| cerned.uith'the‘selection and testing of’surfacés uhich,
éxhibit speﬁfrally selectiQe properties sﬁiﬁable for
. conversion of solar radiation to sensible heat.: Among
others, a micro-V-grooved surface was produced by pres-
sing‘an assembly of 250 razor blades into aigold speﬁi?

- men. It was shoun, by ekposing‘béth a Flat and a.grooyed

gold. specimen to simulated suhlight, that the effective-
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abéo:ptance and emittance had increased approximétely as
predicted. These reéults will be discussed in more detail

in Chapter 5,

A different use of Small’U—grooveé (width = 1,5 mm)
was reported by 0. W. Clausen and J. T, Néu in 1965 [311.
By blackening‘one sidé of specular aluminium U;grboves,
théy obtained a strongly_directional.ébsorption ﬁharac—:'
ﬁeristic, which could be utilized for the thermal,controi_v
of space Vehicles. The'experimeﬁtél absorptance data
(For 459 and 60° grdove angle) ueré calculated From‘re-:

flectance measurements . .taken on a modified spectrometer.

Finéliy, Qofk has recently been re—initiated>into
thé use qF U—groOueé és sdlar‘goncentratingrdevices [32-
39]. This form of application, although.based upbn the
above principle of inferreflection,'is-beydnd the scope
of the present_inveétigatibn, and thefefore no details

are presented.

1.3 O0BJECTIVE
- The preceding literature survey is not' intended as-
“a complete review of publicatibns related to this Qork;

rather it should become evident that -

1. Theoretically, V-grooves or V=corrugations

‘épplied to solar energy absorbers are suitable
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means for imcreasing the absorptive power, an
effect, houwever, which does not aluays results
in a worthuwhile ‘improvement of the overall

absorption efficiency;

'2; - Closed Form Mathematical Formulae describing
the above effects, and suitable for engipeering

use, are not available;

3. Very little:-attention has been given (theoret~-
ieally and experimentally) to the -impact of
-small v—grooves on thepradiatipn heat transfer
properties‘pf.a real sprfaee to which they ere

applied.

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

present investigation is as fpllpusﬁ

In Chapfer,Z y ~closed form theoretical formulae will
‘._be develpped, describing the absorption cha:aetefisties
of diffueeiy and speeularly_refleeting.eUrFéees. The
‘iapplicability pf these'formulae.ip an engineering'eense

will be taken into account.

An experimental verification of the formulae derived
uill'be'pfesented in Chapter'S and Chapter 4 . For that
purppse, the'abeprptipn characteristics of specially

prepéred V-grooved brass specimens will be investigated.
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It is worth mentioning that 3. Leslie stated already in
1804

"..;that the propellent pouver (of a grooved
vsurfacé) increases in proportion as the
'scratches:or stfiae become multiplied on the

surface. VThere is no doubt some limit uwhere

the effect reaches its maximum, and which
might be discovered, by having plates of metai
. manufactured with a variety of delicate flut-

ings" [3, p.82].

It will be shoun.thatrsucﬁ maxima:exist and ﬁhat'the
prepared.V-grooved metal sUrFaces, acting-éé an abs&ber
for sunlight, behave largely as'theoretically.predicted.

In addition, the  advantage of Ufgrqoved surfacés for |

solar enérgy collection will be demonstrated.



CHAPTER 2

THEORETICAL ANALYSIS

2.1 INTRODUCTION

.It has been'shoun ih Chéptér 1 that the.radiatiOn
‘heat transfer propefties of a>U-groqﬁed surface are gdv—
~verned by the overall abSorptionvand emission of single
V-groove cavities:OF which the surface is composed,
Moreover, the ébsorption of radiation.Qithin sucH a cav-
.ify is govefned'by.an apparént absorpténce, a_ ;uhich

‘exceeds the absorptance, a, of the surface material.

It will be shown in Section 2.2 that, ideélly, o
iS a function of surface absorptance, surface reflectance

and groove gpening angle:

a_ = f(a,p, e_)
In the following Section 2.3 this functional dependence

will be extendedjto_make éllouanqe for a real VU-grooved

surface.

At this point, it is:appropfiate to give consid-
eration to some assumptions_dnder which the forthcoming
analysis of radiatioh‘ihﬁefchange is carried out. These

are:

16
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(1) The surfaces are "semi-gray"

(I1) The reflection from any 8urfé¢e is
either diffuse and hemispherically
~uniform,or speCular and unidirec-

“tional

(I11) The U-groove cavities are perfect

‘axiallyvsymmetric

- (IV) The irradiance is uniform and normal

to the opening of a cavity

To item (I):
Engineering heat transfer calculations, .for exam-

ple, are usually carried out under the assumption that

the participating surfaces are gray, i.e.,

Coe(T) = a(T) = 1.- p(T.) # f(X, solid angles).

This gray-body assumption is reasonable, but'it-mayvcause>
éerianierrors if the uavelength.range in which the
'abéorption occurs is broad and very different from that‘
in uhich_the reradiation (emission) takes place. This is
usually thercase in'solar,énergyfcollectofs, uhére the
peakremissioh of Solar'radiationlfé.be ébsofbed océﬁrs at
. 0,48um (6000 K) Qheréas,the peak emission of reradiation
‘at, say, 400K occurs-at'7,24un1; Thus & and € should be
treated seperatély and monochromatically or at least in
a semi-gray approach assuming that a and € are>constant

within certain spectral 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 € is constant within the temperature

range under consideration.

The advantage of the Féct that; in general,
.a(TS) £ e(TS>.

is tﬁét large practical.a/e ratios are attainable. Ffor a
-~ surface reéeiving solarvenergy this may.be achieved by
.making provisith‘For both a low operating temperature
and a low emittance of the absorbiﬁg material. Simulta-
‘ neodsly increased absorptance will fhen be én'édditionél
advantage. This will be discussed in more_detéil.ih

Chapter 5.

To item (II):

The refléctive properties of a plane surface are
more complicated to'sﬁecify‘than either the_emitténce or
absorptance. This is because the reflected energy depeﬁds-
nof only on uavélength and direction being considered Fof
' the reflected energy, but additionally depends on the
angle at which the incident energy impinges on tﬁe sur-"
face. Thus the as8umpti0n.that fhe,reflectidn from any
-»participatiné sufface is both indepeﬁdent of the uave— 
length within the solar spectrum'and'perfectlyAdiFFUSe or
“perfectly‘spchlar provides tuo special cases,_uhich

facilitate the calculation of radiation interchahge.
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ft can'bé expected that the above aésumptions do
‘not produce serious errors én tué conditions: firstly,
d is considered as being the total ave:agé‘solar.absorp—
tance, and, secdndly;‘the purely diffuse or specular
properﬁies are‘considered as being the limiting cases:
for any real surface properfy. The latﬁef will be ex-—

plained in'moré detail in Section 2.2.1.4 .

To item (IV):

The assumption that the V-groove cavities are irra-
diated by parallel réyS'normal to the opening of a cavity, .
‘is.also a special Caée, That this is the optimal éase
with reépect td the'absorptive power of a cavity may bé
seen in App. A, which shous a copy of the résults ob;
tainea by Sparrow et al. [23], as mentioned in the lit-
eraturé survey.' Inépection of App. A reveals thét, in
general, thebabsorptive pouwer of a V-groove cavity de-
Créases with either increasing éngle.of‘ihcidence orT
~when diFFusely irradiated. * This holds For‘bofh specu-

larly and diffusely reflecting surfaces.

2.2 ABSURPTIUN IN V-GROOVE CAVITIES

Subject to the assumptions mentioned above, the
following analysis refers to cavities having either pérQ
. fect diffusely orvﬁerfectvspecularly reflecting sides.

The diffuse éavity will be.anaiysed first. =
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" 2.2.1 Apparent Absorptance of Diffuse Cavities

2.2.1%.1 Fundamental Eguations. The apparent abéorp~

tance of a VU-groove cavity may be defined as

o0 = total radiahf energy absorbed within the Cavity
a = total radiant energy entering the cavity

total absorbed radiant flux '(8)
irradiance’ x cavity aperture area ’ : 4

" and uith reference to Fig. 1

a = e . (9)

‘~Figure.1. Fundamental configuration

of a V-groove cavity,
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. The total radiant flux, @4, absorbed per unit length of
the cavity is obtéined‘by integrating the absorbed local

irradiance, a E'(x) ‘and a E (y) , over the surfaoe of the

‘cavity 81desl(E’ is the locally reflected part of E):

L "L' .
2= (Of E'(x) dx +-DJ.E'(y) dy) (10)

Because of assumptions (III) and (IV) made in Section
2.1, both cavity sides reoeivo an equal amount of radi-
ant flux making the integrals in Eq.(10) identical.

Hence it follous that

L .
%a a 2 f E'(x)dx ,
0 f

and using Eqg. (9)

L
ZDI Er(x) dx

The oaloUlation of o, from Eq (11) requires only a solu-
tlon for the Funotlon E! (x) since--in general--all other

quantities are knouwn,

Referring to Fig. 1, the local irradianoe,AE'(x),'
on one cavity side may bé expressed as the sum oﬁldi:eot
irradiance, E sin8/2, plus that fraction of totalrirraé

' diahoe,‘[E'(y), which is'diffusely refleoteo from fhe
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opposite side and which strikes location x :

1 - T 1 {- '
E'(x) = Esin8/2 + o J’E (¥) oF 4\ gy (12)
y=0 -
The contribution of emission, €0 (Ti-—Té), is left out of

consideration. This is,posSibleibecause it is the object
to determine only the amount of incoming enérgylﬁhich is
uitimately absorbed within the cavity., Clearly, it méy

" be aésumed thaf_the eﬁergy absbrbed by tHe ¢avityvualls
is‘immediafely extracted; so that Te =TO yi.2., NO

- emission occurs, |

- The term dF in £g. (12) represents the con-

dx~-dy
figuration factor (angle factor) for diffuse radiation
interchahge betueenftuo infinitely small strip elements
dx and dy within an infinitely long U—grooﬁe cavity. .

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

defined as

. 2 | -
sin™ 8 - Xy -
- dx-dy 2 (xzr+ y2- 2xy 0059)3 2 _

To'simplify the notation, thé following dimension-

less substitutions may be introduced: .
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B(Y)ém(nl%ﬁ'

where ] . X ,=‘ X/L
Yo= /L

| P, sin’ @ | :

y=d o (45)

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

‘gral equation (ﬁZ) can be rewritten in thé Foilouing

Fofm:
B(X) "o (1) LY W (1)
B(X) =1 + ¥ B(Y) - : dy 16
0’ (x2+v2-2xyoc0s0)3/2
=Eq.'(11)'cén.also be rewritten as
- 1 .
£2Lsin8/2 [ B(X) dx
aa_.:(l. . Ew *
Since : W =2Lsint/2, ' : o (a7)

- as may>be seen'by inspection of Fig. 1, it follows that

o =a j_s(x)dx.. | (18)
6] ' . ‘ : _ '

vInspection of Eq. (18) (in contrast to Eqg. (11))

-reveals that the functional dependenée oF,aa has been
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a, = f(a, 800) = fa, 0y, 8) .

" reduced to

Again, the calculation of a_ from Eg. (18) requires
- only a solutioh for the dimensionless function B(X), pro-

vided that the material properties a and'pCj are knoun.

Integral eqﬂétion (16) in its dimensionless form

with the symmetric ‘kernel

X Y
(X2 +Y%2 -2 XY cos 8)

K(X.’ Y) = 3/2

has received cdnsiderable attentibh.in the literature.
This is because it represents a standard integral équa—
‘tionvof the second Fredholm type; whose solution can be
obtained by various approximate methods. A numerical
épprokimation using an iteratiQe probess, which is spe-

_ ciFically‘applicable to the‘presént problém,_has been |
performed by_SparroQ et al. [23, 24] (Cf;.p. 9/10)Q
'Engineering Calculations; Houever, would be greatly
Facilitéted'by'avsimple——buﬁ1ekact——mathema£ical solutioh

which, unfortunately, does not appear possible.

To by—paSSgthis problem, a different mathematical
‘apﬁroach_uill be presented in theﬂfoilbuing.sectioné
leading to a straightforuara closed form solution; This
éoiufion is based on,ﬁhe éuperpositionvof two boundéry -
solutiqns, which are obtained for two singulér points of

integral equatioh (16).
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2.2.1.2 Boundary Behaviour. Integral equaﬁion (16)

can be reuritten by means of the substitutions

. dy

‘as follous:

_ L | X 5‘ ]
p(x) = 1 ij B(g)

. ‘ it (19)
= (§2-+1 -2 & cos 8)3/2 B

A singular point of this integral equation is the irradi-
vfance at the vertex of. the cavity, which can be obtained

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

a

B(0) = 1 - ve(0) | : 575 95 (20)

@ (§2+'I—2§Cose)

A direct evaluation of the integral in (20) and soiVihg,
for B(0), as carried out in App. C-2, is now possible and
résUltsvin
8(0) = S » (21)
: -1 - %/2(1 + cos 8) ° :

A second singular point existswith regard to the
irradiance, B(x =L), at the upper Tim of a cavity side.
A solution for B(xQ:L) méy be obtained by making use of

the additional substitution X =€ in integral equation



(19) leading to

g

B(S) ) 1 - Y B(ﬁ)cnj (52-+1 —215008 6)3/2_d§. (22)

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

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

B8(1) = T2 %/2(1 - sinG/Z)u . -(23)

Uith-these singular-point—soiutions (21) and (23),
-the local apparent absorptance of a V=~ groove cavity at
~ its boundaries can be obtained by inserting (21) and (23)

respectively into Eg. (18).r

ayx=0 T T - p,/2(1 + cos 8)° (24)

_— a
“ayx=L T T = 5,/2(1 - sin8/2) (25)

An estimate for the validity of Egs. (24) and (25) can be
made by considering an infinitely small cavity (9 =DO),
which, theoretically, approximates a black body. Sdlvihg

Athévabove equations for 0= 0° and a=1 yields

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

(24) and (25) for ©=180°, i.e., for a flat plate,
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- yields

also as expecfed.

It will be shown in the following section that. from
the foregoing solutions referring to the cavity bound-
aries, a combined solution for the -entire cavity can be

deduced[by superposition,

2.2.1.3 Superposition of Boundary Sdlutions.
Equations (24) and. (25) can be uritten alternatively by

making use of the_Fabt that a = 1 -p

OL'a_\_,x:D =7z (1 - é)a(q_ T oos ﬂ - (26)
| 4 . 2qQ : ' » v . :
Yax=l T T (T =) (T-sinb/zy) . 27)

A graph.Forvthese two equations_is plotted in_Fig. 2‘
assuming a suffacé absbrpﬁancé ond,=D,5v'(see curves A
and B). Fig.2 shouws clearly a‘general.increase aof the
apparent absdrptance with decreasing groovévangle,'thg
so=-called "cavity_effeét". 'CurQes A and B demonstrate
tﬁat'this éévity effect is much greétef at the vertex
(where o apprOadhes unity‘uith respect  to curve A) than

it is at the opening of the cavity.
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Legend
Boundary  solution (26)

_Boundarv  solution (27)
Combined solution (28)
‘Sparrou's solution ( 6)
Simplified solution (30)

m o o o>

l i | ] | I I I

o 30

60 1) . 120 150 ~ 180
Groove Angle @ [°] |

Effect of groove angle on the apparent
absorptance of a VU-groove cavity having

a surface absorptance of a =0,5,
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It is noteworthy that even a highly simplified mod-
ificétion of the problem leads to a useful éolutién,'
.thbh is represented by curve E in.Fig; 2 and plotted in
full in.Fig. 4 . This solutidn hasibeen obtained as -

‘ follows:

Assuming thét the local irradiance is constant cver
the sides of thevcévity, 1e€oy
E'(x) = E'(y) = constant-,.

integral equatiaon (12) can be reduced to
E'(x) = Esin8/2 + p,E'(x) (1 - sin8/2) . (29)

The term (1 —sirlé/Z) represents the Conﬁiguratioh fac-
tor for diffuse_radiation interchange uithin an infi—

hitely long V-groove cavity and is given in full details
in [40]. So‘l\/Aing Eq. (29) for E'(x) -and 'using (11) ‘and

(17) leads to

%2 = T (T (T = 072 ° o)
.Uith_refereﬁge to Fig. 2.(see curve E), if is obvious
that Eq. (30) provides a useful formula valid for groove -
"angies in the ‘range OF'300< 8 <180°%. Thé Follouing‘.
Section 2.2.2 and some experimental reéults will show
that'Eq; (30) is also a gdod.apprOXimétion,as far as
groove angles 8<30% and real surfaces with sbecular cth-

ponents are concerned.
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Figure .3. Apparent abéorptance of B

" diffuse V-groove cavities
as defined by Eg. (28) .
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2.2.2 Apparentvﬂbéorbténcefof:Specular Cavities

2.2.2.1 Basic Reflection Pattern. ' The surfaces

~under consideration in this section are mirrorlike or
specular, il.e., an Qnidiréctional beam of radiation
'.striking a specular cavity'Qall is assumed to bé partly
.ébsorbed:and partly reflected accprding to the uéll—
known léus‘of reflection.‘ Uith-reference to,Fig. 5,'it
may be seen thatva beam of‘radiation, E, entering a Ve
.groove cavity with an opéniné angle oF,'say) 6 =45°% suf-

fers four 'reflections. Aftef each reFlection, the

8/2 + 38

Figure 5. - Reflections in a specular

U-groove cavity.
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original poauwer, E.SirtQ/Z, is reduced to %jt:éir18/2 if
‘1 denotes the number of reflections up to this point.
The fraction (IQ; £ sin /2 is absorbed at each surface
contact. Hence it appears that the apparent absorptance
~of a specular cavity is governed by a multipie reflection
pattern, so that

aa = F(va’ ps’ i, 9) .
Furthermore, it may be seen from Fig. 5 that the reflec-

tion angle, &, after i reflections is

6, =0/2 4 (i-1)8 = (i-1/2)8,

A nebessary condition for the last reflection to take
place 1is

(i - 1/2)8 <1807,

Hehée, the total number of possible reflections is given

by the following expression:

i (integer) < 180°/8 + 1/2. = (31).

‘ Uifh this basic information, a Fromulation{bf the éppar— 

ent_absorptance can be carried out as follouws:

2.2.2.2 Absorptance as Stepfunction. Adopting the

definitions given in Section'2.2.1.1, the apparent
absorptancevof a specular cavity can he expressed iden-

tically to Eq. (11) ¢
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L i
2 f F'(x) dx
a*:ao -

a - Ew

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

ered to be Combosed of two distinct functions E{ and,Eé

which are valid for and constant over the intervals
0<x,<L' and L.'f<_x2 <L respectively, Eq,(ﬂ1) can be
reduced to-
. 'L ooty
2L_(E,I + EZ)'

Ay = C Ew * .' - - (32)

Refgrring.to Fig. 6,fE{ denotes the irradiance on the
fraéfibn LYL of a cavity.side‘For which allvinéident
beams of radiation suffer i reflections, whereas Eé
denotes the irradiance on the fraction (L=L'")/L 0? 8-
cavity side for which all incident rayé suffer ‘i.-1. |

reflections. Using these informations, it can be shown’

(cf. Figs. 5 and 6) that

€7 = (Esin®/2 + p Esin8/2 + Qf Esin8/2 +°
. __, " . o e
vee + 07 T Esing/2) k ' |  (33)
. S [ , :
and.
E£5 = (Esin8/2 + p_ Fsin8/2 +_Q3E:éine/2 +
. : __‘1 '

cee t q; Zesing/2) B2t |  (34)

L

Inserting the sum of the above equations, E{'+ E;, into
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" Eq. (32) after rearrangements, as carried out in App. C-4,

yields

a =1 - (1 - ) (- alt-') . (35)

Figure 6. Mirror image of reflection in

a épecular U—grobve cévity.

The térm L'/ L in‘Eq.(SS) dan be evaluated uitﬁ
‘reference to Fig. 6 . kBy applying the law of sines to tﬁe
mirror image'triangles, which are formed by both an inci-
dent and outgoing fay,'it-can be shown that -the following-

proﬁortidns hold true:



37

z . L
sin (180 - (1i-1/2) 08 ~ sin (180 - @) .

z L

sin8/2 _ sin®

Solving for =z leads to

L' _sin(i-1/2)86 _
L.~ sin6/2 =

K

Since it is obviously necessary that U'/L<1, the factor

k is to be evaluated as follous:

sin (i =1/2) 8 if <1

K - sin 8/2 (36)
1 otheruise .
Hence it follouws:
i R
@ =1 -(1-a)7 (1 -ka) (37)

This is the-Final expfession for the apparent absofptahce
.oF a V=-groove caV1ty with specularly reflectlng 81des .
sub ject to the assumptlons made at the beglnnlng of this
Chapter; Ulth.respect to the restrlctlons given by Eqgs.
(31).and (36), Eq. (37) is plotted in Fig. 7 for various
.surface,absorptahces;v The stepfunctioaal character of qa
uill bé discussed in'thé'Follouing'sectiOn, 'For.compér4 
ison purposes, Figs; 3, 4 and‘7 are replotted on trans-

- pareﬁcies in App. B.
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2.2.2.3 Discussion. The chéracteristic of Eq. (37)

is illustfated in Fig. 8 with regard to tuo intervals for
8 ; [60°<8<72°] and [72°<0<90°]. For some groove

angles within these intervals,reflection patterns have

been drawn:

Figure 8. Réflectioh patterns .in specular

cavities with groove angles of
0

6 = 60°, 66°, 72°, 78°,.84°, 90°,
Inspection df Fig. 8 shows that parallel rays-with nor-
mal incidence on a specular U-gfoove‘cavity with an
-opening ‘angle of 60°<6<72° are reflected two or thres

times depending on the regioh of. incidence. In short: 
=' F(i, 9)

a
a,a=const.

For grobVe angles of 72°<0<90°, the same rays are .
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reflected tuice, and only twice, independently of their
location oF inbidence,'i.e.,

a = constant;
a,a=const.

Hence-it'appeérs that for a wide range of selected groove

0

0O ,_.0 0
’ 45_, 307, 157,

angles, as for instance © = 120°, 907, 60
o, can be calculated by using the simhlified form of

Eq. (37) which is

a =1 -1 -a)t., o (38)

Eq..(38) holds only as long as (bf.-(36))
sin (i-1/2)86 2 sin8/2

"ahd is identical to those widely used in litefature (ef.

Eqs; (1);ahd (3)).

-+ 2,3  ABSORPTION BY V-GROOVED SURFACES

2.3.1 Effective Absorptance

Althdugh it is tacitly assumed in Figs. 3, 4 and 7,
it-is obvious that the underlying equations can not hold
. for a groové angle of 6 = 0° 3 such a'grooﬁe'ddeé;not
_exiét. Therefofe, the absorptanée of a suf?ace being
composed of U—grooueé'can_not'increase to unity.uifh
0

groove angles decreasing to 0 ., What is more,iavuariety.'

of experiments, of which a selection uill be presented in



4

 Chapter 4, has shown that the absorptance of a U—grﬁoved
surface does not.agree with theoretical Valﬁes calculated
from Egs. (28), (30) or (37). It was found that this uas
particularly‘true for small grooves. and due‘td‘the finite
- lands which apbear betueén»them (cf.vApp. F). Theéevuna—v
voidable.lands, whose percentage of the totalvprojected
surface area increaseswith decreasing groove angle,‘ |
~affect the overall absorption bharactéristib’and'mustvbe

taken into account.

- d tan 672

Figure 9. Cross section of a

V-grooved surface.

‘The presence of lands is illustrated in Fig. 9,
which éhous that the absorptance of a U-grooved_surfabe
'~ is composed of both‘the.apparent_absorpténce, aé,'of,
groove openings, Q, and the absorptance, a, of lénds 1,
Allowance for this may be made by defining ah eFfective

‘absorptance, so that

. - u 1 ' . '
Yerr = %% T7w T4 Trw ¢ , (39)



42

It is coﬁyenient to express uv in terms of grong
depth, d, and groove angle 0, parameters which represent
mahﬁfactﬁring data. Hence, with w=2dtan 8/2 (see |
.Fig. 9), Eqgq. (39) can be feuriften and reafranged, S0
that finally - |

« 29tand + o

a1 2

eff T d 8
- ’l-I_-ZTtan?

Q
!

(40)

This is a general expreSsioh for the éffective absorp=-.
tance of a V-grooved surface 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 surface propefties.és well as £hree'given:values'Fof
a ahd.tud different values for d/1 respectively.
Iﬁspecfion of theiéix resulting burges reveals fhat their
peaks shift towards smaller groove anglesvuith dedreasing
04 éhﬂ increasing d/1 .-If can be shouﬁ that thié trend
is also fbue,Fbr épecﬁlarly refleéting surfaces. Indeed,
in order to achieve a high effective absdrptance of a
'U—grooved surface having a given surfape absorptance, a,
a small grbove anglé_is required, ana very little lahd‘
should be left betueen gfooves (high d/l1 ratic). This
leaas to an thimization problem for ,aeFF‘ since 8, aé

and  d/1 are interdependent guantities.
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The thimization of "a_o. may be Facilitated'by 
using the‘ﬁomographs in Figs. 11 ahd-12'. These nomo-
.gfaphs_are'a grapﬁic representation of Eq; (40) being
optimized for reasoﬁable intervals of the variables «a,
d/1 and 6. 1In .other words, thé grid intersections
‘répresénf,the.peaks of the pertinenf curves, of uhich Six -
~are plottea in Fig. iO. Cbnsequently, Figs. 11 and 12
provide a means to determine the optimal grdove angle for
the highést poésib;e'eFFective'absorptanCe‘of diffuse or
specular V-grooved surfabes,éubject to a given.surface

absorptance, a, and d/l -ratio.

2.4 . SUMMARY

It has been shown that the effective. absorptance. of

V-grooved surfaces is basically governed by the formula

o 22tan8/2 + o
- (40) Qe = — .
o 1 +2Ttan9/2

The.main variable o depends on @ and S and'is also
é function of the reflective propefties of the surface.

material., In summary, aavis given as follous:

1. If all parﬁs of the surface reflect diffusely:

(20): o, = & (T =a) (T o0 8) * 7= (T=a) (T =51 872
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2. If all parts of the surface reflect-specularly:

(37): "qa-z 1 - (1_- oL)i’1 (1 - ka)

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

(36) respectively. -

3. If the reflectance of the surface comprises both
diffuse and specular components, a_ may be eval-
uated by means of a suitable interpolation betuween

the above'FormUlae°

4, . For certain groove angles and surface absorptances,

ai, a useful approximationHis giveh‘by Eq..(BD)'r

(30): | 2T T (1 —Aon)(‘v(alL - sin 9/2);

The latter may be seen in App. B, uwhere Egs. (28), (30) "
and (37) have been replotted on transparenciés for com-

parison purposes.



CHAPTER 3

FXPERIMENTAL INVESTIGATION

3.1 INTRODUCTION

The pdrppse_bf the éxpérimental investigation_is tuoﬁ
lfqldi_ Firstly, it serves both to verify the formﬁlaé -
':derived in the preceding aﬁalysisfaﬁd ﬁo‘defermihe theif
praéficél applicability.; Secondiy,.the experimental re-
sults are meant to peride more‘information about the
préétical behéviour and‘propertiés of real»U-gfoovéd SUT =
faces uséd FOrASQlarienergy collection. - The lack of épch

information in literature has been shown in Chapter 1 .

'Experimentskuefe carried out on five sets of differ-
- ent test specimens, which had been U~groovéd according

'to specifiications described in Section 3.2 . The spetimBUS'
simulated .

b'uere exposed to solar radiation to determine (1) their

effective absorptance and (2) theif absorption efFicienéy}

Since éunlight»is subject. to large quétuafions (on
-an hdurly and-daily basis), the sun is an Qnsuitable_
'jsource of radiéfion for test pu:posés} It was thérefbre‘
_necessarylto bQild a SOlarrsimulator incorporated iﬁ'a
calorimetric-téét apparafﬂs. 'Detéilé OF this_experimenj

tal apparatus will be described in Section 3.3 .

48



49

Finally, the determinatioh oF the absorptian'propgr4
 ties ofra spebimen required the use of a calofimétric'.
>£est'method; The'mathematical béckground of this méthod
'Vand the experihental procedure will be explained in thé

‘last sections of this chapter.

3.2 DESCRIPTIUN OF SPECIMENS
The derivation OF‘EQ. (40) has shoun that the_effécf
vtive absbfptanéé of ‘a U—grooved surface is inFluenced by
‘three‘gepmetric parameters; the groove angle 0, tha
| Qfdové depth d, and the uidﬁh of léﬁd 1 betuééh groovés.
Accordingly, V-grooves uith varidus angles, deptﬁs and‘
lands uere mille& into circular brass discs. A phaoto-
gréph showing a selectionvof these discs is given'in Fig.
14, uhile'their'basic_crosé‘sectibn is illustrated in s

Fig., 13 &

Figure 13. Cross section of specimens.

The‘spebifications.Fpr each specimen are tabulated in

App. E . Additionally, microscope photographs showing the
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. a 1800—r0tation. This arrangement faéilitated botﬁ the
operatidn proceduré and the use of a thermopile radiohee'
ter, which is fésténed‘té the béckrof the box and.posi—'
ﬁioned'in line with the optical axis'of.the apparatus

(see Figs. 17 and 19).

3.3.3 Instrumentation .

Apart from a standard power suﬁply and contfol unit
Forvthe arc' lamp ahd Fof the Flou‘heatef, the instrumen-
.tation 0F‘the apparatus can be divided inﬁq_fub units:
one For measuring the incident radiation, and one;unit_

ForvrecOrding the temperatures.

Thé radiation incident upon a test specimen'(irra-'
- diance E) Uasimeasured by méahs of a precalibréﬁed Kipp &
Zonen solarimeter (CM 6) in combination uitﬁ a Heuwlett-
Packard digital multimeter (3465 A) . These instruments
provide a‘louer threshold fbf ﬁractical radiation detgc-
£ibn of 0,8 U/m2 with an éccuracy of £ 1% (see Errﬁf

Analysis, App. H) .

For recording the_required Eemperatures, speciélly
4designed thermodoUple*probes_and referencavjunétions in a
standérd ice bath were used. The copper—constantanﬁrdbes
Were célibrated in situ égainst four key.tempe:athES by

means of a third—degree Lagrange interpolation (see
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The surface temperature of a specimeh.uas measuredv'
by inserting a tubular'probe_inteja emali pilot hole
beneath the surface. The hole,'uhieh is Qisible in Fie.
14, was drilled 26|ﬁm into the side of eaeh.speeimen, THe
. peeitioning ofethisvhele‘uas'not very critical, i.e.,.
femperatufe‘deviatiens caused by”differentfprebe eositions
l'uere:much Smalier than the overall measering errer. This‘
was confirmed by'testing a Speeimen which had five sepa-

rate‘probes at different locations,

The temperature difference of ehe heat trahsfe:-
mediumlflouing threugh the‘calorimeter eas measured,by:e
ineerting thermoeeuples_into inlet and outlets of the
flouw chamber (see Fig. 20).. The optimel-positiohing.of
fhésé probes. was determinee by'e trial and.error preee— S

dure and also proved to be not very'efitieal.

All thermoeouples uefe connected via extensiOHUires
and a eeleetof'suiteh‘te a Kipp & Zonen channel selector
'(BAﬁ) . The output of the channel selector Uae‘reeofdede
on a KiDp & ZonenVﬁierogfapﬁ (8D 2),'uhieh 'uas"alse :

'eonheeted_tolthe'ﬁultimetef mehtioned above aeting_ae»
a eontrolline instrument. _The‘letter_uas neeeesary te |
-eliminate errors eaused byveereeording drift. The ierf'
thresheld fof-praetieel'temperature eefeetion'ofAthis sys=
tem was O,DZeDC with an accuracy of f 0,05 °c (see Error

Analysis, App.H) .
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3.4  EXPERIMENTAL PROCEDURE

3,41 TheoreticalvBackgfound

" The experimental investigation of the specimens,by
means of_the apparatus described'uas‘based on the follow-
-ving heat trénaferlCalCulations.‘ These-calculatighs
determined the steps of the éxperimentél procedgré,vuhich

will be described in Section 3.4.2 .

The energy_balance for the Calorimefer_can be writ-

ten down -simply in terms of heat transfer rates:

q o (41)

9in out

Thé term ql denotes the sum of convective and radiative
heét losses from the surface of the spécimen,aSVUell as
conductive heat losses through the calorimeter insulation.
If 9 n is defined as the radiant energy‘incident upon £he
épééimen surface area'ahd qout-as the heat quantity trans-
fered via the spégimen to the glycol, then Eq. (41)'mayv

be uritten as follous:

ERAGpp = ”‘(sz Tp =B Tq) +ay - (42)
where
E = irradiance on A
A = -projected surface area.
of specimen

m = flow rate of glycol
qu/z,z rmean sp901figrheat Cap801tles

: - of glycol betueen 0°C and T1/2
T = glycol temperatures at ’

1/2

~calorimeter inlet/outlet



The purpose of Eq. (42) is to'pfqvidé'a means. for
the exberimental determinatibn QF both thé effectiQe
absorptance; aeff’ of the speéimens_and*their absorption
efficiency n . As far as the latfer is concerned, Eq. (42)
is sufficient;if the efficiency ét é Cértain temperatﬁre
difference betueen-specimen surface énd ambient, (T3 ;TD)T

'is defined as follous:

- Oout N * | o | '

i.e. ' n = — e — 100% - (ad)

‘Since 7 turned out to be'negative in:somé cases, it
was more Convehient‘to use a relative efficiency, Nrel ?
which related n=ofva‘grooved specimen to m of the flat

reference-spedimen No. 32 ., Hence the relative efficiency

is defined as

. l= _—. ' |  .(45)'.

For cdmputing aefflfrom Eq. (42), the heat leses 

q, at (TS-TD)* have fo be known. These may be found by
inversion of Eq. (41), so that

% *

9 =>qin'—'qout * .(46)

- If the term (q;n - q;ut) is defined as the decrease in
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~heat content'oflthe heat transfér medium betueén.calorim-

eter inlet and outlet, then Eq. (46) may be uritten in
t'hé‘ form (vno irradiation ) . |

LI * * - -)(-)
L]

(47)

A = m{Cpy Ty = Cpp T
Adding Eqs. (42) and (47) yields
0 - - P P * - | '.-)(-
. o (CPZT2 - Ty T1).+ m (5, Ty CpZVTZ) (48)
eff = EA )

Fgs. (48) and (44) form the basis for the experimental

procedure, which is'déscribed in the following section,

3.4.2 Basic Procedure

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

quantity

(49)

is caommon to both -equations, énd in éddition a similar
quantity als@ occurs in the latter. A basic éxperimental

procedure uas therefore folloued to svaluate (49);vand a

‘modified version (as described ih Section 3}413) was then

.used to evaluate the second quantity

oK Kk * —_* %
o (cpq_T1 - Ty T2)
I
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The basic procedure ués divided into two parts‘ the
vflrst part dealt u1th the necessary preparations and the

second with the actual readings.

fFirstly, a specimen uwas mounted into the specimen
holder as shoun in Figs, 18 and 20 . The glycol:flou uae
started and checked for possible leakage and Formation of -
air'bubbies. Since the glycol, at this stage,,uas at
amblient temperature at the calorimeter inlet and outlet,
the temperature‘recording instruments couid be zeroed.
The lemp ues suitched on -and after a stabilization period
ot 30 minuteS‘ the irradiance‘on the solarimeter was
adjusted to approx1mately 1353 U/m . The irrediance'
produced by the optical system proved to be stable within
-+ 3% and uniform within + 5%. By means oF the-needle-
valve and rotameter, the glycol flou was adjusted to
"approximately'Z kg/h . This turned out to be a flow rate
which ensured both a sufF1c1ent turbulence for heat trans—
fer uithin ‘the flow chamber and a suitable temperature
difference between calorimeter inlet and outiet of . 2-5°C.
The specimen'uaS'nou turned into the light beam, and the
instrunents were switched over to'temperature recording

(cf. typicalrrecording chart, App. G-2).

" The second part of;the procedure was to meaSUre,the
temperature difference between calorimeter‘inlet and out-
let (numerator in (49)), as well as the pertinent Fan’v_‘”

~rate, Since this measurement required a state of equi-
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librium,‘it was necessary to Qait Qntil{all temperatﬁres
~ had stabilized (30 - 120 min). Thereafter, three control’
-readings were taken of inlet (Tq), oQtlet (fz); surFace
(Tz), and ambient temperature.(TO) over abefiod of exact=-
f.ly-6 minufes. VSimultaneouslyvand‘For thé same.period,
the.glycolruas allowed to run into a beaker in place of
the drain tank. The_colleoted glycol was uéighted in
ofder to éccurately determine fhe Flou.fate (ﬁ).: After -
- this period, the irradianbe and the éero point of the

instruments were checked again.for possihble drift,

The data obtained during the above prbcedure—~mdst
AoF theﬁ in the form of mUFreadings-—uefe entered in a
Calculator'progrém.(Texas Instruments SR-52) for conver-
»_sion'and'immediate cbmputaﬁion of expressiqn-<49), i.e.,
of nn. The specially deQeloped program fookﬂinto account
£hé.calibratioh curves Foflfhefmocouple outputs;as pell
as the témperature depeﬁdehce of the épecific.heat‘of

»iglycol (see Sample Calculations, App.G).

3.4.% Modifications

Due to the small temperature-différehbe of the gly~.
‘ol betueen caloriméter inlet and outlet (2 -5 DC);'the
efficiency, n, could not be evaluated at elevéted temper-
atures,without additional heating of_the system; The

hasic procedure was therefore mndified by preheating the-

glycol to a desired temperature level,before entering the
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' calorimeter,

It has been stated that the determination of aéff
(see Eqg. (48)) réquired also an experimental gvaluation

of the expression

e K ¥ E % % o '
m (CD1VT1 - Ty T,) o _ (50)

leéding‘to a-secohd modificatioﬁ. Expression (50) Uas
”defined:as the. total heat ioSses, gy, of the system at

(T, fTD)*f.‘Since.the determination of the heat'losseé

did not require an irradiation oF.ﬁhe spécimens, the gly-
Coi‘uas preheated only, Consequently, the'cooling_bf'the‘
preheafed glycol flowing through the palofimeter was a
measure .for q, at (TB-TD)*.V For.Ca;ryiﬁQAOUt this modi-
fication, readings were taken for ﬁ%,'TT, T;,'and (Tj;?TO)*

in the same uay'as described before.

The use.gf avglass.cover'over a specimen was the .
 third modificétiqn;‘ The glaSé cover Uéé mdunted 20 mm
above a specimen, és illustrated in Fig.iZD, with the pur-
pose of -simulating é giaséFcovered solar colléétor; 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~-

»sequént Chapter 5,



EHAPTER 4

- RESULTS

4,1 INTRODUCTION.

The following sections and Figures presenﬁ‘tﬁe ﬁain
results._ These uere obtaideduekperimentally as described
in the preceding chapter as uell as thecrecically by
applying the relevanf Fofmulae decived in Chapter 2 to
eachespecimen. A detailed example'ofithe decessary'comf
putation -and conversionvprocedures,vuhich.had tc be car—
ried cut before plotting any data points, is given'in

App. G .

figures 21-31 shou gfaphically the'effectiye acecrp-
tences and the relative or absoldte absorption efficien-
cies obtainedlfcr the investigated'specimene. :Uherever-
poséible,dat least tuwo experihenﬁal points are plotted
For'each specimen recresenting a repetition cF thecrelef
vant experiments. The experimental points in Figs;-21;
22, .24, 26;‘27; and 29 are acccmpanied'byvtuo"limitidg
curves, which represenf the relevant tﬁeoretical values,
fasSuming both nominal groove specifications"(see App. E)
and ideal‘diFFuse‘dr specular surface properties; These
cufves_are plotted. as calculated from Eq. (40) in con=-

junction with Egs. (28) and (37) respectively;
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Fufthe;more, some ekperiments were reﬁeated at both
low and elevated temperature levels'és‘uell as uith‘ahd.
uithout the usé of a glass cover, These modifications
uere-necesséry to ensure that a variation in both teﬁper—
, ature and conVéctivé heat losses had no influence on the

tests results.,:

Sinbe expériments uere.Carriedbout‘on_Five'diFFer+
ent groups of épecimens (cf. Section 3.2);'thé.émphasis
of the following presentation of'resﬁlts will lie.OH
Qrouped resulté_rather than on individual results, -Par-
ticuiars of the létter will be given in the éourse of the

discussion in Chapter 5

4,2 EFFECT OF GROOVE DEPTH ON ABSORPTION CHARACTERISTICS

| Figures 21-23 shou the results obtained Fof speci—

" mens No. 1-8 . Driginally,_tﬁese specimens uere‘designed

"~ to test the inFiuence'oF‘the depth bF'U—grqoveépoh their
‘apparent abéofptancé.vlprevioué inﬁestigétions‘of similar.
specimens [1] revealed that such an infiuehpe might exist,
althbugh there is noltheoretical-evidence. 'Accqrdingly,
‘specimens No, 1-8 were manufactured uith grooves having :

kinbreasing depths and a tonstant groove angle,

The experimental results shouw that the'eFFective»
abéorptance,as'uell as the relative efficiency, increase

uith>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‘grdove debth

on the ébsorptance;

'Houever, inspection of the grodve'pérameters of
specimens ND._1~8'(see App..E) fevealé that these speci-
meﬂs are characterized not only by diFferent‘gfoove
depths but also by difﬁerent _u/lF-fatios. In other
Qords, thé percentage of .lands of the tofal projected
_specimen surfaée area décreases from 2793 (specimen No. 1)
to as little as 1,9% (specimen No.8). It-is obvious
that this must affect the absorptipﬁ Characterisfic,since
the apparent absorptance of the groove opehings (w) is
higher than the absorptance of the lands.(l). The iaﬁter
equals thevabsorptance_of the flat reference specimeh
No. 32 (see App. J) . It was therefore hecésséry to elim-
v'_inété the influehce;of the ratio w/1. Tﬁis was achieved: .

by machining the second set of specimens as folidus;

Specimens No. 9-16 uere grdoved_in.sﬁch a uay.that
both the groave angle and the ratio W/l were constant:
for all different groove deﬁths.. The expérimental
 _results:are ﬁlotted in Figs. 24-25. It can be sééh that

“the obtained values For"aeff and M. .4 remain‘cbhstaht
ﬁof'all specimehs of this secoﬁd set, ‘Hence it appears
" that the’grobve depth'has'no direct iﬁfluence oh fhé

absorptive pouer of a V-grooved surface. The increase 'in

absorptive power with increasing‘groove depth, as
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:nobserved in Figs, 21-23, is a Function.of.the term w/l =
.2§%tan'% rather than a function of d alone. | |
The above experimental Findings‘led tolthé deyelop—
  hent of Eq. (40), which takes into account ﬁhé term w/l =
12%tan % o Using this equatioh.in conjunction with Eg.:
(29) permits a thebretical determinatian of deff for
specimens No. 1-16 (see Ahp.G). The results ére plotted
in'Figs; 21, 22, and 24Aas solid curve$'(assuming*npminalA
grooue'specificafionsf. These results have to be corréc— 
ted'asvfar as actual groove specificatibns are concerned,
and they are plotted also as.corrected theoretical valueé.
Inspectioh of Figs. 21, 22, and 24 ‘shouws that the experi-

mental points, in general, follou the~shape of the curves |

of the theoretical values.

In summary, referring particularly to Figs. 21 and
24,7it appears fhat the experihental results are in good
égreéﬁentvuith the théorétioél pfedictions,as far as the
influence of the groove parameter d/1 is concerned.

fFurther 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 anglés;bthe specimens of the third set

(No. 17-23) uere manufactured with grooves of various

o]

angles ranging from 15 fo_QDO . To isclate the groove
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~ parameter 6 , the ratio w/l, as well as the groove

depth uerevkept'constant for all théSB spebiméns.‘

The experimental results are plotted in'Figé.-ZG to .
28 showing that the experimental points f@lloQ,the_cor;
rected theoretical uaiues, especially at. low témperatures’
(cf. Fig. 26) . Equally, the relative efficiencies‘plét-
ted in Fig;‘ZB follow the trend ﬁf increasing absorptive

power with decreasing groove angle.

Althougﬁ_avgroove énglé of less thahv 159 (ih_this.
cése) was not tested, it'caﬁ be.expected that the_ﬁrgnd
mehtioned above uiil not-pontinuelfor groove ahgleé
épproaching 0% . The simple réason Fﬁr fhis is that‘the
ratio Q/l Cén.nqt 5é_keptv¢on3tant for groové angles.‘
much smaller than 15° unless unrealistic smalL lands.
‘are assumed. Since the iattef is of no practical inté;f
est (the sp?cifications oF specimen No. 17 .énd No. 18 are
already'unpealistic), a fourth set of specimené was manu-

factured.

Spécimens No..24~35 Uére‘pfovidéd with the saﬁé
grooves és tHOSB:QF.SﬁeCimBHS'NO. 17-23:, with the excep-
-tioﬁ'that_ﬁhe lands,_éndvacCQrdingly thé_ratio u/L,;ue:e
.chdseh'to_Fit the peftinént groove'angles. In other
words, tﬁe lands ueré uidéned for smaller angles to pro-
duce strang groové Flanksvand'lips, uhicH.do'nof.béhd or

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

The results obtained for these specimens afe‘shodn
in Figs. 29 and 30 Again, it oan be seeo that the
‘experlmental points Follou the theoretloal.predlotlone.
‘Uhat is more, an expected optimum ooours, uhloh agrees

u1th the statements made in Section 2.3.2 .

‘4.4 EFFECT OF SURFACE FINISH ON ABSORPTION EFFICIENCY

The last specimens No. 32-37 were machined to study
the effect of black and speoular'U—grooved surfaces. In p
eddition,'lt was proposed to test the applloablllty of

such surfaces for solar energy collection.

Since a groove depth of 2mm and a groove angle of
30° :turned out to be favourable groaove dlmen51ons (see"
Figs. 21 and 29), specimens No. 35-37 uere'grooved
.aooordingly. Specimen No.v35.uas left blank (brass sur-
faoe), whereas speoimen;No. 36 oas spray paioted mat
black, and specimen No; 37 was made epeoular by e chrom-

~ium plating. The flat specimens Nao,. 32534.eerved as’

reference samples.

The experimentally determined absorption efficien-
cies of these'epeoimens are'plotted in Fig. 31 . A study

"of Fig. 31 reveals three major effects:
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Firstly and according to expectations,‘the‘épplica—
tion of black paint has increased the absorptive power of
both the_Flat and the grooved specimen (CF. feleuant

‘5cUrves for specimens No. 32,-33,,35, and 36).

Secondly, the absorption efficiency of'the Flat-
black surface (NO,ZS)', which is Qefy high éf le'tem_
pefatﬁres, is" nevertheless exceeded by the grooved black
surface (No. 36) . This is particularly true at higher
temberafufes.and will be discussed in more detail in v 

Chapter 5.

' Finally, as far as the efficiency curve for. the

. specular specimen No.p37 is concerned, a surprising
 eFfect océurs. Although thé absorptance of'thelgrooﬁéd
specular surface is lo@er than that of its black‘counter—
part --a ConclUsion uhichlban be drawn- from the results
at lou temperatures--, its absorption.effibiency at high
vtemperétures is superiof to all otherbsQrFacés. This.
ﬁbserVatiOn uill‘also be discussed in more>detail‘in the

“following Chapter 5.
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CHAPTER S

DISCUSSION

vThe present tésearch program uas(carfied but_to :
develoﬁ.closed Form-solutionsvto the V-gooved radiation-
-absorber prbblem and to'veriFy‘these eXperimentally.
The results presented in'Chapter 4zshom that thefe is“é’
good agréement‘betueen tﬁe tfend_of experimemtéi pOinfs.
and the shape oF_théoreticéi_curves. This'iéAthe‘most
important_criterion on which thé results of thé théofeté
ical analysis should be judged. The Fact:that_thevexher—
imentai and theofetical points iﬁ certain graphsrare
someuhat_displéced is of secohdary.importanbe, but nevér—A

theless also OF interest;_

In'general; ali experimental results are.soméuha£
.vhigher than the predicted valuesj and-in particUlar5 fof f
'thqse_cases,where tQO sets of data under the sahe con=

- ditions were obtained, the first values are alQa?s»loner
"than the repgated values. This trend is clearly shown in
the preceaing‘graphs,'especialiy iﬁTthose_uhich are plot- -
"ted for elevated temperatures (see Figs. 22, 27, and 29).
There are twuo factors which might have éontfibuted to o

these effects:

T ' Although the brass specimens Qere cleaned carefully

87 .
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" before testing, uheﬁ irrédiated, a slight unavoiaable
tarnish could be observed getting worse in the courée of -
a test, partioularly at elévated’temperatures. vThis tér—"
nish might have increased the absb:ptanoe_qfthe Sufface,

l Uhiph; apart Ffomvthe grooVé pafémeters,nhaS'é strong .

influence on the effectivevabsorptance of afspecimen. 

2. ylf-has been assumed in Section 2.1 that:thé refleCE'
“tion bn ény participating sufface is pérfectlyl
‘diffuse. It is uellikndun that this assumﬁtion-does not
hola for real surfacés. AUitHout entering'intd the under-
- lying theory, it may bevsﬁated that the diréctional,Cme'
 pDnents of reflectance increase Uifh increésihg éngle of
incidences; 1in éhoft,'the,irrédiatedvsidés dfvsmall—angled

U;grOoves.become somewhat specular, This ekplains,the.

 'genérally observed higher.values-for vaeff thanthose
pfedicted by Eds. (40) and (28), pérticularly with respect
~to smaller groove angles., It tHereFOfe seems.to bé_,
appropriate to replace Eq. (28) by Eg. (30), as far ‘as V-
grooves are_concerned which havé diffuse-specular (real)

- surfaces and small groove angles, A pldt OF-Eq.'(Sd)
(applied in conjunction with Eq. (40) to thé relevant
vspecimens) ié'included in Fig. 29 (dashed curve). 1t
-can be seen that this curve is in better agreement with
the expérimental points,uifh regérd to small gréové

angles,

An intefesting deviation from the above observations
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dqcurs in the'case of specimen No. 18 . Tﬁe experimental:
yalues obtained for this specimen are considerably lower
‘than theOretiCally‘prédicted (see Figs. 26-28 , 6 = 20° ).
The expla nation for this can be found by éfudyiﬁg the -
reievant‘microécope photograph of the groove profile'(éee
App.F-6). The gfbaves of specimen No. 18 "are badly cut,
the vertices being rounded instead oF‘sharp. Since this
affects the interreflection_patfern ét'thelvertex (uhere"
‘most interreflectibns'Oecur),_the efFectiue>absorpfance

must be expected to decrease.

As previously_mentiohed,fthe”presénqe-OF landsv(l)
.1in ahy grooved surface has a markéd effect on all.reSQlts
presented. This is especially noticeable in Figs. 21-23,
uhere_the'éharacteristic shépe:df the curvesviévdue
éntirely to méchining limitations. 1If perfebtlyIShérp-
edged grooves could bé'méchinedl(l:QD), a horizonfal‘

a-d trace would reéult. As the.grogue dépth'is decreased,
the  d/1 rafio becomes increasingly Significanf cauéing‘
the characteristic droop in the curQes touards‘the_origih.‘
fér large values of o , the d/l1 ratio becomes iessv
significanf, and fhe a-d.trace tends fdlthe limit givén
by the value a, for a single U-groove Cavity._ It is
therefore evident (cf. Figs. 21-23) thét;'aslfar'as the
.absofptive power is CDnCérned, there 1is ﬁo aanntage~to
'58 gained by making‘450-grodves smaller than'1 mm OT V
'lérger than 3mm in depth;v'Thesé Figurés; df‘éoursé5

" hold.true only For'the present spécimens.
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| .It has been stated in»Cheptef 4 that the groevee
blackvsurface (Ne. 36).is more effieientvthan the flat
vblack‘surfeee (NO. 33),particelarly at'eleeafed temper-
atures., This result can be corroborated by extraeolatien
- of the relevanf curves in Fig. 31 touards higher.temperf
-étures. Carrying'out»such extrapolatione may.even shouw
that the abserptien efficiency of the gfooved brass sur-
‘face (No. 35) exceeds that of the flat black surfaee.

There are tue facters yhich - contrlbute to thlS'

1.  The small air eells'uithinvthe grooves suppress the

convective heat loss from the surface.

2, The radlatlve heat loss of the black surface (belng
a Functlon of the fourth power of its temperature)
increases mope rapidly than that of the brass surface.'
since >> € | ..

€black brass

On this basis it is undersfaedable:that-the absorp-
ztionAeFFieiehcy of the g:oevedjspeeular surface (Ne,,37)_
exceeds that of all other surfacee etvhighe: temperateres.
Invshort,Athe.erooved specular surface takee edvantage

IOF the Fact-that the convective heat loes is partly_sup—v
.’p:essed and, what is mofe important, that its ebSorptance
has been increased considerably, whereas its.emittanee

~remains at a relatively Iouw level.,

" The effective absorptance of the'grooved specular
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surface (No. 37) can be found by exf;apolating the fele—
vant efFiCiency curve in Fig. 31 ‘towards T3--TU ; OQC:f
Since there is no temperature difference'betueenvsurface
‘and ambient temperature at this point; no heat.iosseé
from the SQrface occur. Consequently, h. equals. Copp
(Cf. Egs. (44) and (48)) and the latter is found to be

a = 0,94 (see App.K) . This expefimental,value for

eff

a agreeslvery‘uell'uith the theoretical Valué being

ef f
obfained as_Follous: _Extfapolatinglthe eFFicienby curve'
For.the flat specular‘specimen No, 34 towards T:,)‘?TU ¥UQC
yields a =0,42 (cF; App;,K), which is the absorptance
of the chromium plating. _Using a=0,42 -togetﬁér with

- the relevant groove specifications of specimen No, 37

err = 3593

for evaluation OF'EQS..(40)’aﬂd'(37) yields a
Apart from the above specimens, specularrU—grooved
‘surfaces have not been investigated in detail, Too many
specimens would have been required tovyeriFy the stép+,
functional character of Eq. (37) (cf. Fig. 7); However,
it 1is uorfh mentidning»tﬁaf the‘only'éxperimental‘data;_
so far available in literature, 1is inbvery,good égfeement
with the CorreSpondingﬁvalués éalculated Ffom Eqs;b(40)
and (37) ¢ Aé mentioned in the literature suryey, Co Po.
‘~Butler_et.al._[30] pressed an aséembly of 250 rézor
blades into a polished gold specimen. They found out
that the original absorptance of the gold'spééimeni‘ H
increased‘From 0,24 to 0,31. The area included in

their grooves was appfoximately 8% of the total (i.e.,
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u/l::O,UB).and the groove angle approximateiy‘ 10° . Uéing
‘these values for evaluation of Egs. (40) and'(37).results
in Qpe=0,3 & theoretical value which is in very good

'agreementAwith Butler's éxpe:imentalvvalue of 0,31, .

Fihally,-the follouwing exampleiserves to'illustraté 
the effect the preceding fesults would have on prabtical'

‘solar energy collections

Aésume-that‘theAFlat black surfécevof spebimen No.
33 is Eeing‘used Fof_solar énergy CdlléctiOH in spaces
The”surﬁace absbrptance For'solarAradiationris, say;
.  6,=0,95 and the'infrared4émiftah¢é:is €-=i794 .. The
sufface is maintained at a ﬁempératufe of 1160C"by
exfracting enéfgy to be'used‘in a pouef'geherating cycle.

With this, the net energy which can be extracted is

.‘qnet';_qabsorbed ~ Yemitted

1285 - 1220 u/m?

65 U/m2 .

,The‘neceséary Calculatibns are carried out:iﬁ'App.L .

Using the flat specular surface of-épecimén_NOQ34
(a =0,42 ,.€_=U,1)'ihstead of the above black surface,
would result in

O =A544 - 130  _U/m

n

414 u/m? .



B

v U31ng the V- grooved specular surFace of sp901men,f:
,No. 37 (a F"U 94 ff..U 29) uould 1ncrease “the use—i 

ful extractable energy to as much as

B _ _f.v,  e.. 2:;,
et = 1223 = 376 u/m.=-

847 U/n® .



CHAPTER 6

CONCLUSIONS

The preceding theorétical and-experimental_study
was. carried out fo:investigaﬁe the_absorptioh'character—
istiéé Qf‘diﬁfﬁsely and specularly reflectihng—grdoved
_surféoes.i In the ﬁﬁedretical"analyéié, Forhulée are
developed for both the éppérent.ébsbrptancé,of V-groove
cavities and the eFFectiVe absorptance ofzvfgroovéd sSur-
faces. These Formuléé enable_'the pef?ofmance tQF fV;
grooved':adiafion absorbers to be Optimizéd“uith respect

- to the various groove patrameters and normal incidences

Thé experiméntai paft_of the study verifies both
'thg'théoretical formulae and the prédictidns#infeiéd:from
‘them. In addition, the ekpériments give some insight
“into the behaviour of U—grooved'surfgges.used Fof solar

energy collection,

There are four basic conclusions that can be draun

from the theoretical and EXperimenﬁal results, vThey'aDé:

1. V-grooves, carefully optimized and applied

to a solar energy ébsorbihg surface,.cén raise

ité ‘absorptahce almost to .unity and imﬁroye'~
Cits absorptipn'ef?iciency;

- 94
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2., Best performances at high temperatures'can
be expected From.metél surfaces prbvided with
ispecular U—grooVesvhaVing a émall gfoove angle_“

- (<30°),

3. The optimai groove angle ‘is depeﬁdentlohf
threevfactoré: (1) the reflection praoperties
of thé‘groove; (2) the absorptance of the

groove surface, and (3) the ratié of groﬁve
depth to land width which occurs betusen the

grooves,

4, As far aS'.tHe effective absbfptancevof a
V-grooved éurféce is Cdncernéd, theré is. no
advantage in chﬁoéing é-groove.dépth‘béyond‘or
above Certain_limiﬁé, which can be#,Found ‘by

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

During;the course of this work it has .become evi-
denﬁ that thére'are séme areas uWhere Fuftherifesearcﬁ
could be undertaken. vThese include fhe effeét_of selec—l
tive coétingé applied to V-gooved sUrfaCés, the.effect of
IZU-grboVeS or U;Corrugatidns on‘the transmittance DF>V |
: transbarent surfaces, andvfihally the possible inﬁerfer—‘“

-ence effects in very fine V-grooves,

When considering the latter, it is interesting to
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V' note‘thatVnature has utilized’this principle Qf iﬁter-
'lference to increase the transmlttance OF the cornea of
the nlght moth's eye by developlng a nlpple array shoun
.1n Fig. 32 . The V=shaped proflle of this nlpple arrayy
as. uell as 1ts similarity to Bouguer s surface model |

shown on page 3, are remarkable.
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~ APPENDIX A

Apparent Absorptancé‘of V-Groove Cavities

as Derived by Spérrou andein,[ZSJ

Comment s

The Follouihg graphs shouw the éppafent.absorpﬁance

° ° q, 120°) as a

of 4 U—groove'cavitiés'(e = 30°, 60, 90

function of the -

Character. df incident radiation

Reflective properties of the surface:
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Groove angle ©
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APPENDIX B

Apparent Absorptance of V-Groove Caviﬁies as..

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

Comment:

The following graphs are rep:oduced;from Figs. 3 -4

and Fig. 7 on transparencies for comparison purposes.



-

Apparent absorptance of diffuse ﬁ-gruu
cavities as defined by E€q. (30). (Fig. s)



CoATgTSe se qeLTueq pPA Cd° (s8)° (L19°3)
ybbeteug spesoctbgeuce of qriinee p-duenne







ANNDCKMNOTY [

Solutions for Egquations

34)










- Reduction of Equations (33) and (34)

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

£ + £y

12 (140 40l 0tk - Lt
E'sin@/2 | | |
o ) ST
+ (1 +p + pz+h.}f pt = %~
= (1 +0+ pz+s..+_'pl 2y(1 - 't')f
. . = s T . '."_ 1
+ (1 +p + p2+o°n+ ot '2)_L spr-tk
- T C
- . o 1
(-t -y et
i P L
- - s -t T E,
‘since p=1=-a .

Ihserfing this into‘Eq. (32) yields

o ='21'S$h612(1»— (1'—a)i"u-a (1- cx)i'-/| E),

.and with (17)



APPENDIX D

Spectral Energy Distribution of

the Metal Halide Lamp

Compared with the Solar Spectrum

Comments.
The data for the metal halide short arc lamp OSRAM
HMI 575 is taken from [43, 44]. The data on incident

~solar radiation .is feplotted from [42].



Spectral Irradiance Ey [W/m2um ]
Spectral Radiant Intensity IX'[1d‘U/sr pm- ]

VISIBLE

IR

Air Mass Zero Solar Spectrum (Solarconstant, £ = 1353 W/m?)

Air Mass One Solar Spectrum (Sea Lesvel, Solar Zenith

HMI 575 u Spectrum ( & = 45000 1m )

Angle = 0°, E'= 889,2 u/m?)

T T 1 T T T T LI T T T - 1

1,5 2 2,5
47,4% of Solarconstant

'45,2% of Total Air Mass One Irradiance
- 43,3% of Total Lamp Radiant Energy

UaVélangth A [um]

Spéctral Energy Distribution of the Metal

Halide Lamp Compared with the Solar‘Spectrum.'



 APPENDIX E

Tabulated Qgecifications

~of Test Specimens

Comment s
‘The "Actual Specifications" represent the arithmetic
' means of microscopic measurements. For used symbols see

Fig. 13 and nomenclatures

Matérial of'specimens: Brass (DENVA AD1)V
58% Cu, 39% Zn, 3% Pb

Black spray paint: ~ KRYLON High Heat



Nominal Specifications

Actual Specifications

‘Remarks

89 mnP, A = 0,006221 m?

Specificatiors of specimens,

ol e | o 1 u w/1 |u+l=p | n A 1 w w/l la/1| n |Fig.
deg | mm mm mm : mm % ‘mm mm 7
11645 0,1 C,1 ¢,083 0,83 0,183 485 173 0,05 0,135 2,7 2 480
21" 0,2 " 0,166 . 1,66 0,266 334 200 0,045 0,223 4,96 331
3|l v o, w 0,331 3,31 0,431 205 224 0,048 0,387 . 8,06 204 | _
44" 0,60 M 0,497 4,97 0,597 148 234 0,022 0,575 _26,14 27 148 T | off-gsize
s{" 0,8 " 0,663 6,63 0,763 1i6 240| |0,069 0,694 10,06 12 116
6{" 1,0 o 0,628 8,28 0,928 S5 244 0,035 0,893 25,51 29 95| “.
74 2,0 " - 1,657 16,57 .1,757 S50 252 0,046 1,711 37,2 43 s0
| ™ 3,0 " 2,485 24,85 2,585 34 262 0,048 2,537 52,85 63 34
'9(" 0,1 0,042 .0,083 1,97 0,125 712 207 | ] 0,033 0,092 2,79 3 ‘712
70| " 0,2 0,084 0,166 n 0,25 .356 2067 |0,06 0,19 3,17 3. 356
1" 0,4 0,169 0,331 " 0,5 178. 207 0,122 0,378 ° 3,1 3-178 0w
12| " 0,6 0,253 0,497 . " 0,75. 119 207 0,104 0,646 6,21 6 119 , off-size
13 (™ ‘0,8 0,337 0,663 " 1,0 89 - 207 0,24 0,76 3,17 3 89w
(" 1,0 0,422 0,828 " 1,25 - 71 207 0,341 0,909 2,67 - 3 71
1s v - 2,0 0,843 1,657 " 2,5 35 205 0,753 1,747 2,32 3 35
16| " 3,0 1,265 2,485 " 3,75 24 206 1,186 2,564 2,16 3 24
' - H=5 mm, D =




Nominal Specificationms -

" Actual Specifications

Specifications of specimens - continued.

No'| 8 | d 1 u w/l |u+l=p | n At 1 u “w/1l jd/1 n o Fig'. Remarks
{degiam | mm mm mm % mm mm :

17115 2 6,093 0,527 5,67 0,62 143- 664 0,044 0,576 13,09 45 143

1820 " 0,124 0,705 " 0,83 107 504 0,027 0,803 29,7¢ 74 107 off-size

19025 " 0,156 ©,887 " 1,043 B85 407 0,021 1,029 49,0 95 ‘84| @ off-size

20{30 " 0,189 1,072 " 1,261 70 341 0,054 - 1,207 22,35 37 70 -; off-size

21|45 " 0,292 1,657 " 1,949 - 45 235 0,215 1,734 8,07 45 | @

22|60 " 0,s08 2,309 " 2,717 32 183 0,294. 2,423 8,24 .32

2350 " 0,706 4,0 " 4,706 . 19 135 0,538 4,168 7,75 4 19

24 .1~0 2 0,24 0,35 - 1,46 0,59 150 736 0,209 0,381 1,82 10 150

25)15 " 0,22 0,527 2,39 0,747 118 584 0,137 0,61 4,45 15 118

25|20 " 0,2 0,705 3,53 0,905 98 484 | 0,074 0,831 11,23 27 98|

27|25 0,18 0,687 4,93 1,067 83 413 0,067 1,02 21,7 43 83 © off-size

28|30 " 0,16 1,072 6,7 1,232 72 359 | | 0,068 1,164 17,12 -30 72| ' '

29145 " 0,1 1,657 16,57 1,757 50 252 0,046 1,711 37,2 43 50| © off-size

30160 " 0,1 2,309 23,09 2,409 36 203 | |0,0917 2,318 25,47 22 36 o

31]90 " 0,1 4,0 . 40,0 4,1 21 147 0,091 4,009 44,05 22 21

32| = - - - - - - 100 - - - - - .flat

33 - - - = - - - " - - - - - flat, black

34| - = - .- - - - M - - S - - - o flat,specular

35{30 2 0,16 1,072 6,7 . 1,232 72 359 | 0,068 1,164 17,12 30 72 o :

2l w wm u " " o oom "o U,082 1,15 . 14,02 24 v black

pponoow n " n Anl 1 " 0’07_ 1,162 16,6 29 ", Spéﬁular




APPENDIX F- .

"MicfoscOpe'PhthQIaphsishouihg '

. the Cross Sections of

" Specimens Noy 1-8 and No, 17.-23

“Notes

-vPhotdgrabhs.arevtakén at A'diffefent magniﬁications;yJ'





















APPENDIX G

Sample Calculations -

(Specimen No. 28)

‘I. Relevant Equétiohs g

As shoun ihvSectioh 3.4, the experimental investiga-

~tion is based on Egs. (44), (45); (47), and (48): = -

c
- p2 2 p1 -
noo= T~ 100 %
N
n = e——
rel n32
ek % * % *
q; = m (°p1,T1 Coo T,)
“ e . - oK # * % *
3 . nl(cpzrz - cp11h) +.m (cquhv— cpZTZ)
eff ~ v T :

These equations were-used in a calculator program (Texas-

fnstruments SR 52) For_evaluation_ofvresults,'

"II. -Readings Obtained for Specimen No. 28

By using the expefiméntal précedure as described in -
Section 3.4.2, the Follduing readings were obtained for
specimen No. 28 :

(The corresponding tempetature recording chart is attached)



- I s — 0,136,070 0,747 SO67:

L S pecimen—NaT 26 - W —

OO 8 o= i VOO W2 Y=Y BE= A WV =W

T oA
- TGN T =
T TITTaN T T
? - 5
. e -5 LBEL-PEE ording:--

coooozeroimgoc TonTT T

. 30__ o '_"_'_ggf PR -50

Ranget 0,05 my for T, - T1
0,25 mV for T1, T3

Temperature recording chart,




G-3

Réadings:

Irradiance on specimen : E = 15,86 ‘mV

Flow rate of glycol m = 204,4 g/6min
Ambient air temperature Ty = 18,5 °C
Glycol temperafure v. o _

at calorimeter inlet - - T, = 0,136 mV
Temperature difference

of glycol between _Y : :
calorimeter outlet and inlet . T2 - T1 = 0,747 mV
Supféce temperature of specimen .T3'= ' 4,067 my

11I. Conversion and Interpolation Equations

The'readings were entered in the calcﬁlator program .
for conversion and -computation, The following conversion

procedures and interpolation equations were used in the

- programs:
a) - GiVen calibration for solarimeter,
L ' -1 2
1 mV EMF = 0,01187 " uW/m”.
b) The‘copper;constantan thermocouples were calibratedx

in situ by means of a 3rd degree lLagrange interpola-

0.

~tion equation applied to 4 key_temperafureé (D C,

0 0

33,00 °c, 66,00 °C, 99,68 °C). The smooth temperature-
EMF relationship, o |

7% - f(u Do ERFD),

generated by this method is



T =25,78 U - 0,6392 U? +_o,o1.5558 Ul .
c) The temperature‘dependeht SpeoiFio-heat of glycol
(9997 ethylene glycol) was determined by applying a
Allhear 1nterpolatloh equatloh to 2 key values taken from

'[46] The- temperature~speo1Flo—heat relationship,
o, [un/ke®c] = 7(1 [°c]),
generated by this method is

c, = 0,0013 T + 0,647,

d). The total heat losses, Q79 of the system at the tem-

perature leFerehoe (T - 7.)% were Found by uslhg

)
~.a least square method. As shoun in App. K, a least

squaTre curve Pit was applied to the :elevaht experimental
~resolts'For.ql,zuhioh are olotted'in'App.l'; .Fof realis~-

tic approximation, a quartic regression equation of the

type
4

g =a AT + b AT
- uas chosen. Ulth referenoe to soeolmeh No. 28 and App. K

the relevaht regression equatlon is

5 - T

q, = 0,,153-»(T3 - TO)V + 0,787 x 10”7 (T - Tg
e) - The efficiency hjzbof_the flat referenoe soeoimen
No. 32 at the temperature difference (Ts —.TO)*
also found by using a least square curve Fit. A linear
regression equation uas apolied to the relevant experi-

mehtal results obtained f‘or'n32 . With fefefenoe:to App..K .



the relevant regression equation is

Nay.= 44,20 = 1,873 (T, - T)..
 This equation provides also a mgans for determining.the
abSo:ptance of. brass, the material From‘uhich all speci—
‘mens were machined; Under the hypothetic assumption that
no heat losses occur, i.e., Tj\-T = 0, n32/100'eqﬁa;3,

0
' azé‘(see'Eqs. (44) and (48)). Hence it Follous, in agree-

‘ment with App. J, that

%brass = %32 7 nBZ/TUU = 0’44.'._

~

‘IV. Experimental Results for Specimen No. 78

Subject to Sections II and III, the final results

" for specimen No. 28 are aé:follous:

B =344 u/m?
A = 0,006221 m?
m = 2,044  kg/h
‘Tq = 18,50 o
T, = 18,91 °c
T, = 22,28 °C
T, = 26,80 “c -
G = 0,659 Wh/kg°C
S = 0,661 Wh/kg®c
T, =T = 8,3 °c
Coay = 1,27 W
Mgy = 28,65 - %
| a =

0,44



The computation (program) yields:

. .=2044(0 661 x 22,28 - 0,659 - % 18 91) % 100 %
1344><o 006221

= 55738%
N - 55,38
rel = 28,65
= 1,93
. . 2,044 (0,661x22,28 - 0,659 x18,91) + 1,27
eff 1344 x 0,006221

= 0,71

These experimental ;gsults,'aeFF = 0,71 and'nrei.z j,93,
are labeled with Z, in Fig. 29 and Z.

2 in Fig. 30 respec-

1
tively;

V. Theoretical Results for Specimen No. 28

The corresponding theoretical (nominal) values for
Gerpr
~are labeled with .

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

23' using actual groove data and.
assuming diffuse surface properties,
'24 using nominal groove'data ahd
assuming diffuse surface properties,
'ZS' using nominal groove data and-

assuming. specular surface propertles.



The different values for G,pp are computed by eValuatioh
of Eq. (40) in conjurction with Eqs. (28) and (37)
(cf.. Sectionv2.4). ‘Using thé'felevant actual/nominal

groove parameters

o = 30°
W ,d ) .
T=27tans =1L1z/6,7

for specimen No. 28 (App. E),‘itjfollduéﬁ

. | 1 |
Og,q = 0544 (3 — (1 - 0,44)(1 # cos 307)
- 1 L
T2 (1 - 0,44)(1 - sin15°))m
= 0,74
%, =1 - (1 - 0,44)
= 0,97

Uith_réspect to Z5:

0,74 x17,12 + 0,44

%erf,d T + 17,12
= 0,72
With respect. to Z,:
g - D0,74x8,7 + 0,44
Feff,d T T + 6,7
= 0,70

With respect to Z



o 0,97 x6,7 + 0,44
- Teff,s T T+ 6,7

il

0,90

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

»Obtained effective absorptance, a equals the theoret-

eff?

ically ebtained effective absorptance (cf. z, and Z5 in

Fiqg. 29). ' The accuracy of the above results is:discussed

in App. H (Error Analysis).



- APPENDIX H

Error Analysis

I}'. Introduction

‘From the point of view of reliability.estimate;;
.exﬁeriments—-in generalf~Fail intd,tuo main categofies:

- sinéle—sample4experiments,aha multiple;sample experiments.

Uncertainties of the latter are evaluated by repetitidn »

and eStimated by means of statistical methbds, thus pro-

viding a high reliability and accuracy.

Multiple-sample expefiments uere‘carriea oqt'uith_ 

~ the Flatireferencé'specimen No, 32 as shﬁun'ih App. d.

It uaé»found that tﬁe reSultihg.absorpténce Df this'spec—
. imen, a = 0,44;-Can be regarded with 95 % confiderce as’

being accurate within % 2,8%.

. Allvothér experiments fall into the Firét Cétegoryq

" Although tﬁey.are ndt’single—sample‘ekperiments (£hey
were carried out at leést tuibe), further repetitions
were neither sensiblé'nof‘poésible,becédseﬂof the;léngth
of timé‘involved._ It must be remembéredvthat eacH expe—
riheﬁt (520 in total) required. a settling time between
30 and 120.minutes. :Uhét iS'mofe,_the absolute values of

absorptance and‘eFFiciency are of lessvsignificance than



This has been discussed in Chapter 5

their overall trend
However, the analysis will shou that ‘the errors in
measurements were so small as not to affect the trends.

being infered from the experimental results.

II. Analysis |
Inspection of Eq.-(ﬁd) and'(48) reveals that the

main experlmentél results”Fof'h'and G_pp are governed by

© =TT

“the expréssion :
. : TFIC'
‘ _ e = _—_i%f~. .
most probable error in evaluatlon of the

The.oVérall
above expression can be deflned accordlng to the Error

Propagatlon Laws
de de de
2 2 2 ;2 2
(bg) = ('_H dm ) + (ocp éPp) + (bAT 5AT ) i
: . de
2 2
- + ( 5 E ) 4+ ( OAIGIR)
Performing thehpartial derivations and dividing by e
yields | o
AT E )

5m
[(—ﬂ—d + (——

For evaluation of thls'Fractional error, de/e, the four
ot , have to be

error contributions, &m, écp , OAT , and &L



determined as Follous:

“a) The flou rate of.the‘glycol‘uas measured by means of
a stopuatch and a balance,'resulting in
m=G [qg]/t [sec].
Assuming an error of ¥ 0,29 in weighting aﬁd'an error. of
+ 0,2 sec in measuring the time interval (6'min),‘the max-
- imum error in the average flou rate, T = 200g/6min,

‘cdan be calculated as follous:

—-0 -

.- dm DM s L
o+ om
5m ___.( ST 06+ 3T ot )
' S8 -G
200 L
= (L 360 + 752 XO 2 )g/sec
=t

0,009 kg/h

b) The‘spécificlheat of ethylene'glycél;<asvtéken from
,[46],‘Can be'regafded as being accurate'uiﬁhin

-.,.i D,d05 cal/q°C . Hence it appears thét.cbbisvacbufaté

" Within i 0,006 Wh/kg®C . |

.c)  The temperature readings taken after in situ cali-.
bration of the thermocouples (see App. G-3) prbved '

to be accurate within * 0,05 °

C, as compared to standard
thermémeter réadings. Hence AT is accurate-uithinj

+0,05 °Cc.



'~ d) The uncertainty of the measuréd'irfadiance»E is a
function of the following Factorsf

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

‘incident on the specimen surface area

2..The manufacturers stated accuracy of - the

solarimeter being < 1% of output

3.'The manufacturer's stated acCuracy of the
digital millivoltmeter being :
t (0,03%  of reading ¥ 0,02% of range)
It is obvious that the etrors caused by the instruments
are negligible, as compared to the fiuctuation in irradi-
ance. Therefdre, the irtadiance can be regarded as being

accurate within t 3%,

With this information (a-d) on hand, the overall,
most probable error; Se/e, can be evaluated. ‘This is
carfied_out for the expérimental results obtained-?or'

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

be | [(0.009y2, (D 006 2, (O, 05 211/2. .
3 [(2 55a) + (gese )t (F2 ) + (U ,03) ] x 100 %

(1,9x 1072+ 8,3 x 107"+ 3,6 x 10 5+ 9 x 10] 4)1/2 100 %

3 %

Inspection of  the above computation reveals that the over-
all error is mainly affected by the error ih E; i.e;, by’

the stability of the irradiation.



Applying thé 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

vcan'hardly be affected:

il
N
-
\o]
w
1+
o
-
o
[@)]

Mrel

Qeff

n
o
-
\"
—
1+
o
-
O
N

-The calculated overall error of 3% compares favour-
_ ably with the error in o of specimen-Nd; 32, which was

found to be 2,8 % (see App.3).



APPENDIX I

Total Heat Losses of Specimehs

Commént:

The experimental determination (deécribed in_Section 
3.4.3) of the total heat losses of a selection of speci-
mens uaé required.For the evaluation of Eq. (48), i.é;,

of It is worth menfioning-that, as fér'as the work-

Cerre
ing temperatures afe concerned, the-groové-dépth as well

as the gfd0ve angle had no significant inflﬁenceIOﬁ the.

total heat loss of'é'sﬁeéimén, A'significént increase in
heat loss with decreasing grboﬁé angle occﬁred dﬁly at 

high temperatures (see App. I-4).,
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thal-Heat Loss

Legend
Symbol Specimen_No.
° 32 (blank)
'® . 33 (blackened)
O . 32 (blank uwith
glass COVET )

-(For.curve eqﬁétions see App. K)

.Total-Heat-LosSAof'Flat Réference

Specimens No, 32 and.NO.33'_.

yZ

6/

RSN T LN SRS RN SRR 1 L1
1 . 20 30 40 . s0

Difference batueen»Sufféce-and Ambient Temperature Ts-iTD [DCJ .

60

-1
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Total Heat Loss
-3
1

Legend

Symbol Specimen Groove'Groove
' No. = angle depth

0

A 4 2457 0,2 mm
v v 6 . 457 1,0 mm
* 0 B 457 2,0 mm

Tuith glass cover

(For curve eqguations

see App. K)

I P T T SESN NS NN N S S 1
0 10 20 3o 40 50 60
'Difference between Surface and Ambient Temperature T - Tg. [°c]

3

¢c-1 -
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Total Heat Losé
- ,

(For curve equations

Legend v

Symbol Sp801men Groove Groove
NO o angle depth

As 47 15° 2 mm -
v v 20 30° 2 mm
o . 22 - 60° 2mm
wao 23 90° 2 mm

Tuith glass CDVer 

“see App. K)

Total Heat lLoss of

Specimens No. 17, 20, 22, 23

1 [ ST T S I S

70 28 . 30 | 40 . 50

‘Differesnce betwsen Surface and Ambient Temperature T4= Tg

60

v=1



APPENDIX . J

Absorptance of Flat Reference

§pecimenvNo;32

Comment:

The e*perimental deterhinaiion of fhé absorpfanbe .
of the flat reference specimenvNo. 32 was required for
“the evaluation'oF.qu (40); ;The Follouingfpesults; plot-
ted}versus Tj"'TU , shou théf a is indepéhdent qF temper-
‘éture; a necessary condition Forkfurther‘éxperiments;
~The confidence limits, being * 2,895 of the frue mean of
a, porrespond/véry_uell uith.the ovépall.méasg:iné erfor

of *+ 3% (cf. Error Analysis, App.H).
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Effective Absorptance
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Absorptance of Flat Reference Specimen No. 32

I _— ' _ . . o___ o
- ———— D Tt e -.--.--—-----——--------'----—

Arithmetic mean of experimental points

‘95 % confidence limits (0,432<8<0,458)

B of true'mean, assumed to be a ‘= 0,44 -
| 1 I I B L ] L 1 | R I 1
o 10 20 : 30 . 40 50 . 60
~ Difference between Surface and Ambient Temperature T.,- T. [°c] |
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" APPENDIX K -

Least SQuare Curve Fit Equations

| Spébimen- - Symbol v Regression Equation
Na. T Tty - o)
2,6,8 App. I-3| &4 v e | g =0,1614T+0,31x 107 a7
2,6,8 o AV O ql=[L134AT.‘ ”
17 | App. I-4 A q1_=o,153AT-+1,317X10f7AT4
23 ©o| . ‘qi=U,133AT¢0,245310f7AT4
17,20,22,23 1 " Aven q.'l‘=0,153m'+0,787 x 107" at?
17,20,22,23 L Avou‘ql:0n30Ap+mowxjdﬂAT4
32 App. I-2 e ql =U?158ATT?D?D62x 10_7AT4
32 B e a, :0,127AT-+07296x'10_7AT4
33: | : "o ® gy = 0,173 8T + 1,233 x 1of7AT4
32 | Fig. 31 o |m = 44,2-1,873A8T
33 oo o |n ;102,5-Q1,935AT¢-0,0USAT2
36 0 | om o n = 42,2.-1,887AT
35 v | A |n o= 73,7 —1,725AT-jG,003AT2
36 v | 4 |m =107,4-2,1764T - 0,0014T2
37 _.' n o |n = 94,7¢-1,8A3AT;;0,001AT2




APPENDIX L

Solar Enérgy Collection in Spacé

1. A flat biackisurface (é.g.:specimen No. 33) is,used

| for solar enérgy'cdllection in space; TheiSurFace 
absofptanbe far sdlar radiation_(x = 0-2 uﬁ) is;<ideally,
assgmed to be Uq_p = Q;QS , uhereésvthe ihfrared emi£—'
tanbe'(X = 2-mum) is aésumed to""be-'e2 CD.:'C] 94 . The
‘surface is to be malntalned at a temperéture OF T =
116 °C = 389 K by'extractlng useful energy. Then the net

energy whith can be extracted 1is givén_as ﬁollous:»'

fqnét

o

= Yabsorbed f' . —Qemitted
- ‘ - 1 ‘ .n
= E(ao 2fo-2 * OL2 & T2- aa) °Tg (e 22M0-2 * €oem M)
where
£ = 1353 W/m’ "~ (solar irradiance)
o = 5,6693 x’lD_B_hJ_/mzK4 (Stefan-Boltzmann cdnstant)
fb;2 = 0,94504 (Fraction of blackbody func-
' ' ~ tion for cutaoff-wavelength-=
temperature-product
| A Toun = 2 x 6000 kmk)
. ) _— - , A K . .
0-=2 ~ D?jDG &10' ) . “(chsurFace =2 XSBQ umK)
Uith these values, and since ideal cutoff at 2 pm is
aSsumed, i.g,, aU-2_='€U—2 and az_ai;.ez;ayivthe“abbve



equation can be solved:

1353(0,95 x 0,94504 + 0,94(1 - 0,94504))
' 4 4
(

qnet

= 05,6693 x 1070 x 389(0,95.x 0,106 x 107% + 0,94(1 -

0,106 x 10°%)) W/m?

1285 - 1220 U/m?

65 U/m2

2.‘ instead ona flat black surface, a flat chromium

' platéd surface (e.gs specimen No. 34)_is to bé.uséd.
The.éoiar absorptance of the chromiuh plating pfoved to
bena = 0,42 , whereas an infrared emittance of B = 0,1
can be asé@méd; With these data the above calculatiohs
yields:. |

= 1353(0,42 x 0,94504 + 0,1(1 - 0,94504))

4

- 5,6693.x 107 x 389%(0,42 x 0,106 x 1074 + 0,1(i-

0,106'x 107%)) w/m?
_ X
= 544 - 130 W/m

= 414 U/m?

3. By U-grooving, the absérptaﬁCe of the chromium plated
surFaQe,iﬁcfeasesvto aéFF = 0594 (see'resuifs'for
specimen;No. 37). Assuming that Egs. (40) and (BC) can-

‘,be.applied_to fhejemittanceve ='D}i_,‘it folious that -

arr
yield:v,

= 0,29. With these data the above calculations

Qg = 1353(0,94 x 0,94504 + 0,29(1 20,94504)) -



5,6693 x 102 x 389%(0,94 x 0,106 x 10™% + 0,29(1 -

0,106 x 10°%)) w/m?

1223 - 376 \/m2

847 W/m?

Although these examples are very special cases, they
nevertheless demonsﬁrate the advantageo@s_eﬁfect of

V-grooves applied to speculaf,sUrfacéS.



-

NOMENCLATURE

(Symbols cited in the literaturs survey as well as comman
mathematical symbols are not listed to avoid confusion, )

?projected surface area of specimen
fgrooved surface area of specimen

iconstant
iconstant
specific heat capacity of glycol
diameter
idepth of

irradiance per unit aree
(flux density)

local irradiance per unit surface
area

of specimens

V-groove

error as defined in App. H
confiquration factor

blackbody
weight of

function
glycol
thickness of specimens
,humber of reflections
kernel of integral equation
-quantity as defined by £q. (36)
width of V-groove side

width of VY-groove side as shoun
in Fig. 6 . .

‘width of land between V-grooves
as shoun in figs. 9 and 13

fiow rate of glycol

total number of V-grooves on a
specimen .

pitch of V-grooves as shouwn in
Fig. 13

heat transfer rate

temperature

~time interval

| thermocouple EMF

iuidth of V-gcove opening
idimensionieds coordinate (x/L)
]coordinaté
| dimensionless coordinate (y/L)
;coordinate
‘coordinate

mm
mm

|'|1|'|1.
kg/h

Symbol

w

8 w» 4 Q O v > D3 O o =

absorptance

substituted function as defined
by Eqs. (14) and (16)

substitution as defined by £q. (15)
angle of reflection

emittance .

absorption efficiency

groove. angle

wavelength

dimensionless variabie

reflectance

Stefan-Boltzmann constant
transmittance

radiadt flux

. image angle as shoun in Fig. 6

Subscripts / Superscripts

a

apparent -

cutoff

diffuse

effective

number of reflections
losses

relative

specular, or surface
absorbed

ambient

inlet of calorimeter
outlet of calorimeter
surface of specimen
quantity related to (T3 -TO)'

auxiliary quantity






