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QUTDOOR FLAT-PLATE COLLECTOR PERFORMANCE PREDICTION FROM SOLAR SIMULATOR TEST DATA

Frederick F. Simon and Edgar H. Buyco
National Acronautics ond Space Administration
Lewis Resenrch Center
Cleveland, Ohio

ABSTRACT

Thie paper describes how cellector perfermance
obtained from test date with a simulator con be
modified for real-life conditions. The approach
taken 18 to correct the performance data obtained
w'th the simulator for the variable conditions of
amrient temperature, wind, incident angle, Flow
rate, etec., that are encountered in outdoor condi-
tions, Modifieation of simulator data is accom-
plished by combining experiment with theory. The
technique 1s demonstrated by application to a
gpectrally selective and a nonselective type of
collector. This kind of modified simulater collec-
tor performance data should be valuable in selar
systems analyses and for collector performance
runking based on all-day caleulated econditions.

INTRODUCTION

An arca presently being investigated by the
NASA-. _RC in its efforts to aid in the utilization
of alternate encrgy sources is the use of solar
encrgy for the heating and cooling of buildings.
in important parct of this effort is the investiga-
tion of flat-plate collectors which have the pe-
tential to be efficient, economiecal, and reliable,
Efficient collectors will be an important consid-
erotion in the realization of effective solar rcool~
ing systems. The gpproach being taker. at the
Lewis Rescarch Center for determining collector
performance 18 to test collectors under simulated
(fndoor) and actual (outdoor) conditions.

Indoor testing of coolectors with a solar
simulator has permitted ranking of collectors on
the basis of performance(l and a determination of
the koy parameters affecting collector perform-
ance{2). The solar simulator approach has been
extremely effective in evaluating collector per-
formance on a relative basis. The questions which
need answering are: (1) How pood are the simula-
tor results when compared to actual conditions?
(2) Since the performance data is determined under
standard conditions of wind, ambient temperature
and flow rate, what corrvections are needed for
actual conditions other than the standard?

If 1t coan be shown that the simulator does
indeed do a good job of simulating actual condi-
tlons and that the simulator results can be cor-
rected for conditions other than those of the sim-
ulator tests, then the simulator rasults can bhe
used In the design and analysis of solar heating
and cooling systemz, The application of simulater
data teo outdoor conditions would also permit per-
formance ranking to be based on all-day perform-
ance caleulations. The objective of this paper is
to present evidence of the simulation ability of
the indeor collector test approach, and to demon-
strote how collector performance from the simula-
tor can be modified to gecount for variable out-
door conditions.

SOLAR STMULATOR

Experimental Fucility

A draving of the facility ia presented in
Fig. 1. The primary components of the facility are
the encrgy source (golar simulator), the liquid
flow loop, and the instrumentation and data acqui-
sition equipment. A sunmary of information describ-
ing the faeility :s presented in Table 1. More
detaill on the manner of testing, instrumentetion,
ete,, may be found in Refs., 1, 2 and 3.

Solar Simulator

The basic rational for the use of a solar si-
mulntor for the testing of solar collectors was
glven in Ref. 4. This approach allows for con-
trolled conditions that make it possible to proper-
ly compare the performance of different collector
types. The simulator shown in Fig. 1 consists of
143 tungsten-halogen 300-watt lamps placed in a
modular array with Fresnel lenses placed at the
focal distance 50 as to collimate the radiation.

A comparison of spectral characteristics of
the simulator output with alr mass-2 sunlight is
given in Table IT. Table II demonstrates that the
solar simulator does an excellent job of simulating
the sun's radiation in this appliecation. The fact
that the spectral qualities of the aimulator come
close to actual supshine is a key requirement in
using the indoor approach tc simulate actual condi-
tions. For more detail information on the spectral
qualities of the simulator and other infeormatien
gsoe Raf. 3.

Correlative Method

The experimental effielency calculated by the
uge of

ns ccp(ro - T ag {1

is calculated in a manner corresponding to the fol-
lowing basic collector cquatioms,

n=ar - UL(fp - Tu)quR (2)
ne¥F'lar - ULfff - Ta)IqDR] (3}
n e PR[BT - U Ty - Ta)/qDR] (4)

Examples of how these equations ean be used in con-
junetdion with the experimental data were given in
Refs., 1, 2 and 4. The performance curves from

Ref. 2 for a black-nickel two-glass collector and

a black paint two-glass collector are given in
Figs. 2{a) to {(e) and 3{a) to (c}, respectively.

We see from Eqs. {(2-4) and Pigs. 2 and 3 that de-
pending on how we plot the basic performance we can




obtain information on the basle parameters affect-
ing collector performance {ar, Fl,F and U ) and
have an approeach by vhich to obtnin bagic correlat-
ing equations. The correlating equations for the
data of Figs. 2 and 3 have the basic form of

" - - 2

n=a, b¢¢ Cyd (5}
= - - 2

ne=a, b¢w wa (6)

2
n=a, - beo = CBG {7}

where
4= (T, - T)/ap,
g (T - T ) ap,
and
6= (T) - T} apy

Comparing Eqs. (5-7) with the corresponding Eqa.
(2, 3 and 4), we sce the following relationships:

(at)g = 1, (8)
(Flat), = a, (9
(Fpat) = ag (10)

= b¢ + C¢¢ (11)
(F'UL)g = by + Oy (12)
UL)s = by + Gy (13)

These relationships will form the basis later for
modifying the basic correlation Eqs. (5-7, to en-
vironmental conditions ether than those used in

obtnining these equations {conditione of Table I).

Another check of the simulator's spectrum as
compared to that of the sun's is te caleculate the
experimental value of absorptivity for a wave-
length sensitive surface such as black nickel.
Using Eq.(8) and the measured valuc of glass trans-
mittance, we can calculate the value of the ab-
sorptivity determined with the simulator and com-
pare 1t with the value obtained with a spectropho-
tometer. The comparison shown in Table III gives
further evidence of the simulator's ability to
simulate the spectrum of the sun.

Indoor vs. Outdoor Data

Collectors of the same type and design as
those of Figs., 2 and 3 were tested under contract
to NASA~LeRC by the Honeywell Corporation in
Minneapolis, Minnesota. A black-nickel two-glass
and o black-paint two-glass collectors were testad
beth indeoors under simulated conditions and out-
doors. The solar simulator used by Honeywell is
o copy of the NASA~LeRC solar simulator. The re~
sults of the indoor tests with the two collector
types were used to prediet the outdoor tests of
these same collectors. A comparison of the Indoor
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and outdoor teste is given in Fig. 4. Thn time
previous to the steady state arrow of 180° F shown
in Fig. 4 was o period in which the colleetor and
the rest of the system was warming up. This period
can bhe consldered a total test system transient.
This period, as shown in Fig. 4, existed for about
1 hour. Another collector tramsicnt period oc-
curred from 12 p.m. to L p.m. due to a condition in
which the incident flux decreased. The use of the
gteady state simulator resulte are not expected to
be completely applicable during a transient period
due to the collector heat capacity. The effect of
this is a lag between the calculated and experimen-
tal energy collected (useful golar flux, Q)

Thie paper does not consider transient effects.
However, for collectors of small heat capacity
these traonsient effects will have little effect on
all day eollector performance. This transient
effect needs to be considered in the dynamic analy-
sis of golar systems. It appears from Fip, 4§ that
the steady-state collector resulte obtained with
the solar simulator does a good joh of predicting
the ateady-state outdoor tests.

Method Of Modifying Simulator Data

The first step in establishing mordsified ver-
gions of the simulator data is to rework the cor-
relation Eqs, (5-7) into a modified form. The
three parameters requiring modification so that
variable conditions may be comprehended are the
flow factor (F gy the overall heat loss coefficient
{Ur,) and the product of transmittance and absorp-

tance {at), Correction factors related to the
simulator values of Fgr, Uy, and ar are as fol-
lows:
Kpp = FR/FRB (14)
KUL = UL/ULS (15)
L aT/(uT)B (16)

Combining Eqs. (14-16) with Lqe. (10,13 and 7) re-
sults in a modified version that can be utilized
for performance predictions for the direct compo-
nent of solar energy.

,
n= KFR[LQT 8g

The method of determining the correction factors
(hUL'hFR and KGT) follows.

- Ky, (b + CoH)]  an

Heat Loss Modification (KUL)

Use of theory leads to nn approach for modify-
ing the overall heat loss coefficient (UL) deter=~
mined experimentally in the simulator focility.

The overall heat loss coefficient has three compo-
nents as represented by the folleowing equation

U= Upe U n t U /A (8)
The rear conduction loss ¢ efficient (UL R} is
easily calculated by
kifﬁ {19)

and for the edpe loss coefficlent the value given
by Whillier{53) {is appropriate.



UL.e = 0.08 (20}

For the cover heat lems coefficilent <UL c) a solu-
tion of the following equation is necedfary

Absorber Plate To lst Cover

qx.c=c(i~’-'r")“+ : (- 7,)
' PBy (1/e)) + e)-t P

lat Cover To 2nd Cover

e pnfm _wm \P a 4 _ wh

2nd Cover To Environment

= =4 4
I, c RIE(TBZ - Tu) + cgc(ng - Takg (23)
uL.c = qL,c!(Tp - Ty (24)

The only additional informavlon required for
the solucion of Eqe. (18-24) is knowledge of the
cocfficients (C and n) related to convective heat
loss, For obtaining this information the equations
relating the heat transfer by natural convection
are applicable. The following 15 a summary of
posaible candidates for predicting heat loss due
to natural convection.

De Crpaf and Van Der te1d (8) made a systematic
experimental investigation of heat transfer in en-—
closed plane air layers in horizontal, oblifgue and
vertical positions. The following equations were
deduced

For @, = 0%
Bu, = 1 Gr, < 2x103 (25)
L L
Nu, = 0,0507 6r' 90 2x10° < gr, < sx10” (26)
L 1 L
Nu = 3.8 s5x109 < Gr, < 2x10° (27)
0.37 5
Nug = 0.0426 Gr| Gr, < 2x10 (28)
For OT = 209
Nu, = 1 Gr, < 2x10° (29)
L L
Nu, = 0.0507 a:®%  210% < 6r, < 3x10* (30)
Nu, = 3.6 ax10” « R 10° (31)
0.37 5
NuL = 00,0402 GrL GrL » 2%106 (32)
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For 0, = 30%:
Nu, = 1 or, < 3x10° (33)
Mo, = 0.0588 6r ¥ 3xa0® < orp < sx10t (30)
Mu = 0,039 o037 or, > 24107 (35)
For GT a 45%%
Mu, = 1 Gr, < 4x10° (36)

Nu, = 0.0503 6r0  4xi0? « or, < 5x10' ()

) 0,37 5

NuL 0.0372 GrL GrL > 2x10 {38)

For OT " 600:

Nu, = 1 Gr, < 5x10° (29)
L L

Mu = 0,031 6937 sx0° < or, < 5x10” (40)

Mu, = 0.0354 6037 or, > 2x10° (41)

For 9, = 70%;

Nu, =1 Gr, < 6x10° (42}
L L

Hu, = 0,0384 a3 1 <er < gx10” 3

. 0.37 5

Nu, = 0.0342 Gr[ or, > 2x10 (44)

For 0y = 90%;

Nu, = 1 Gr. < 7x10° (45)
L L

Nu, = 0,084 cr%*37  10% < or. < sx10® €46)
L= 0 L L

0.37 5
NuL = 00,0317 GrL Gr, > 2%10 4n

De Graaf and Von Der Held concluded from thelr rve-
sults that the HNup depends only on inclipation
when the air motion is turbulent and one may freely
interpolate between horizental and vertical posi-
tions only if Gry > 105, Between 20° and 70° in-
terpolation can be made if 5x103 < Gry < 6x104,

Tabor (7} recommended the results of his cor-
relation using the 1954 llousing and Home Finance
Agency Report 32 which in dimensionless form may
be written in generalized form as



For GT = 0%;

4

0.281 7
NuL = 0,152 Gry 107 « Grp < 10 {48)
For BT w 45%;
. 0.310 4 7
NuL 0.0925 Gry 107 < crL < 10 {49)
oO
For GT 907
0.381
NuL = 00,0326 GrL
4 5
1,5%10" < GrL < 1,5x10 (50)
NuL = 0,0616 Grg'327 1.5x107 < GrL < 107 (51)

A subscquent experimental work using fluids
whose Prandtl number varied over a very wider rnqﬁe
of values was the work of Dropkin and Somercalesto)

o n°. 1/3 . 0,074
For GT [ NuL = 0,069 RaL Pr

1.510° < Ra, < 7.5%10°  (52)
o, . 1/3 , 0,074
For GT = 307: NuL 0.065 RnL Pr
5 8
1.5%10% < RnL < 7.5x10 (53)
- 250, 1/3 , 0.074
For GT 4571 NuL 0.059 RnL Pr
5 B
1,5x10" <« RﬂL < 2,5x10 (54)
For 8, = 60°: Nug = 0.057 Rai/s pr0 074
5 8
1.5x10° < RaL < 2x5x10 (55)
For 6. = 90°: Nu = 0,049 Rnlla Pr0'074
T L L
4 8
5%10° < Ra, < 2.5x10 (56)

L

The above equations mng put into a form [irst
used by Hottel and Woerrz(9},

q = C(T - Tg)“ (57)

The constant C 4in Eq, (57) 18 a function of tem-
peraturce and angle of tilt and the value of n
depends on whether the fluid between the walls is
in laminar or turbulent condition., Using the above
equations for natural convection heat loss, values
of C and n were caluclated for a bhlack-nickel
two-glass and a black paint two-glass collector,
both of which had a gap distance for free convec-
tion of 1 1/4 in. The results of these calculations

gre shown in Table IV, Alse shown in Table IV are
the values of C and n suggested by Whillier(5),
Use of Table IV with Eqs., (21-24) results in theo-
reticol vlauas of the gover heat loss cocfficient
(Ur,,¢) which can be compared to the simulator de-
termined hent loss coefficients. The simulater
cover heat less coefficient was determined with
Eqe, (18-20) by using the values of che oxperimon-
tal overall heat lass coefficient and the collector
back and edge loss coefficient. The experimental
overall heat loss coefficient was ecaleulated using
Eq. (11} with on average flux of 250 BTu/hr ft2.
The edgu and rear collector losses were approxi-
mately 15Z of the total loss in the case of the
black paint two-glass collector and 21% for the
black nickel two-gloss collector. The comparison
between the theoreticnl and experimental cover heat
loss coefficients are shown in Fig. 5. Figure 5
appenrs to indicate that the experimental heat loss
1s larger than predicted from theory., The differ-
ence between theory and experiment is especially
dramatic in the case of the selective black nickel
collecter where the majority of the heat loss is
by free convection.

It appears that the convection less equation
sugpgestud by Whillier comes clesest to the experi-
mencal findings. However, the exponent (n) sup~
gested by Whillier does not satisfy the turbulent
conditions {as indicated by Gr) encountered in the
twe collectors tested. Duffie and Beckman(10) rae-
ommend the Home Finance equations. Since these
equations do about as well as Whillier's and have
an exponent (n) consistent with the Gr no, they
will be used for modification of the experimental
values of heat loss. Simply, the values of ¢ in
the Home Finance equation are corrected so that the
theoretical value of the cover heat loss coefficiont
{(Upe) 1s equal to the experimental value of the
cover heat loas coefficient. Using these "exprri-
mental" values of C in Eqs. (21-24), we hove o
means by whieh we can caleculate the effect of arki-
ent temperature (fig, 6), sky temperature ({ig. 7(un)
and 7(b} and wind (fig. B}. Figure & shows that thc
effect of ambient temperature on the heat lose o
efficient is most pronocunced at the lower plate
temperatures for the black-nickel two-glass eollce-
tor, This effect could be explained by the low
radiation hear loss component of the black nickel
cellector causing a eooler glass condition., A
glass temperature which is lower than one would get
at high plate temperature or high plate emissivicy
increases the convection losses and thus increasing
the heat loss coefflcient. Inecreased convection
loases at lower plate temperatures is a possible
explanation of the curve forms showm in Flg. 7. It
can be seen from Fig. B that the effect of wind on
the heat loss coefficient is to increase it, as
expected, but for wind speeds preater than the
simulator wind speed, the inercase in heat loss
due to wind speed 1s small.

In penerol, once we have fixed on a value of
C using the experimental data we can caluclate the
cover heat loss coefficient at different conditions.

UL,c = f(Tn'Tsky'ho'eT’Tp) (58)

Use of Eqs. (18-20) permits a calculation of the
overall heat loss coefficient:
UL = E(Ta,T (59)

sky'ho‘BT’Tp)
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The simulator results may be expressed:

UL,a = f(Tn = pconst., = Taky'

b, = const., 8, = conat., Tp) (60)

The heat loss modifying factor (Eq. (15)) 1is ob-
toined from Eqs. (59) and (60).

Sinece the simulator results are obtained at a
fixed tilt angle, & way is needed to modify the ox-
perimental value of C. The present collector ex-
periments were run at o tilt angle of 57°.

Using the variation of ¢ with respect to
tilt angle according to the equation for DeGraaf
and Van Der Held we have:

-4
Cg ~ -k 6.38x10 " (8, - 57) + CBT“57{QXD) {61}

T

whare

ke CDT=57(exP)!ceT=57(th°°ry) (62)

Figure 9 shows the effect of tilt angle by utiliz-
ing Eq. (61) with the basic theoretical equations.
Figure 9 suggests that tilt angle has a 10-20%
effect over the entire range of tilt rauge or about
o )-2% per tilt angle degrees,

Incident Angle Modification (K,.)

The modification for the variation of the pro-
duct of absorptance and tramsmittance (ot} may be
obtained from curves of transmittance and absorp-
tance versus incident angle. To determine the mod-
ifying factor (Kyr) onc simply uses the following
relationship:

L (ut)aif(uT)ﬂi=0 = (ar)oj/(ur)s (63)

Equation (63) is an incident angle rodifier for the
gimulator results obtodmed at zero ineident angle.
Caleulated results of this modifier for the black-
nickel two-glass and black-paint twn-glass collec-
tor are shown in Fig. 10. The calculations of

Fig. 10 are bosed on theorctical transmissiocn
curves for glass ond the reflectivity measurements
for a non-selective black paint and a selective
black nickel coating.

A correlation for the product of «t was sug-
gested by Sowka and Safruat(l2). This correlation
has the following general form

@1 = a - b/cos 6,5 8, < n/2 (64)

Use of Eq. (64) allows the following expression for
the incident angle modifier.

Ku't « 1,0 - bD(llcos ﬂi - 1) (€53)

The results of Fig. 10 for the black paint two-
glass collector are plotted in the manner of

Eq. {65) in Fig. 11. For the range of incident
angles of interest in determining collector per-
formance, Fig. 11 demonstrates the validity of

Eq. (65). The constant (b,) of Eq., (65) should be
o funetion of the number of colleector covers, the

absorber surface and the Iinternal physical srrue-

turc of the collector.

Another way to determine the incident angle
modifying factor is to use the Lewis simulator
fucility, since this facility permits o determin-
ation of collector porformence a. different inci-
dent angles. The npproach is to determine col-
lector performance at an inlet temperature {ry)
equal to the ambient temperature (T,). According
to Eq. (4) the effect of this procedure 18 to rclate
the collector effielency to tha product of the ab-
sorptance and transmittance,

n = Fpat (6t)

By performing the above procedure at different
ineident angles ond realizing that the flow factor
(FR) is independent of incident angle, one is able
to determine the incident angle modifier according
to Eq. {63). Examples of the vresults of this pro-
cedure for two selective surfaces are given in
Fig. 11. The experimental points in Fig. 1l for
the two selectively coated collectors tested appear

to follow the caleulated line for the black-paint
two-glaps collector,

Flow Factor Mod*fier (Kpp)

To assess the effect of flow rate on perform-
ance, the equation derived by Whillier(5) is appli-
cable,

-F'ULIGC
Pp = F' (GC)/(F'U) {1 -e Pl 67y

Where the plate efficlency factor for the type of
collectors being used as examples in this paper can

be represented by
all
["'nl/h—L'l-b
f

Since the value of b {is essentially equal to one,
the plate efficiency factor determined from the
simulator results (Fé) can be corrected for dif-
ferent flow rates and heat loss ns follows:

(6R)

" = "
F Fl u/us (69)
where
au
= 1fl7=H -
¢
and a 18 determined from the simulator valucs of

F', U, and hg, The collectors of this paper have
o value of the plate efficiency factor of 0.97 for

the conditions stoted in Figs., 2 and 3(2), por
these collectors Eq. (69) would be
F' = 0.97 H/I (70)

Use of Eq. (67) allows a calculation of the flow
foctor as follows:
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F ~B

R B fFY-e
Ker I <8 (71)
g/ (1=-¢ )
where
Bw ccpiF'uL (72)

Equations (70" and (71) become the basis by which
a flow factor may be calculated when the following
conditions differ from the conditions of the simu-
lator collector tests:

1. Flow Rate ~ ©

2, Heat Loss - UL

3. Type of Heat transfer fluid - cp,hf

Diffuse and Direct Energy Modifiers Kpg, Kpp

The collection performance equation, Eq. (17),
is only valid for the direct component of solar
encrgy since the solar simulator ocutput gives an
esgentially direct radiation flux. Equatien {17)
needa to be modified to include diffuse radiation,
For the cise of diffuse and divect radiation in the
plane of the collector, the basic equation (Eq. 4)
can be written as follows:

atqye E;hDF UL(T1 - Tn)
n = Fp + -

U O ag (72)
Defining:
Kpr = 9pr/9p
and

Kpp = pp/ap

and comparing Eq. (72) with Eq. (17) we obtain:

n = Kep [K Kppag + Kpp ar = KUL{bee + Gy ] (73)

with
8= (T - T,)/a,

Equation (73) is the collector efficlency equation
which can be utilized for outdoor performance pre-
diction, A sample calculation is wade to demon-
strate the use of Eq. (73).

Sample Calculation

Basic solar and weather information (84,T4,
wind, dgp, qprs 97) is the input needed to modify
the simulater data for outdoor conditions.

For the purpose of a sample calculation the
Blue Hill, Mass. solar data of Dec. 20, 1955, is
used. It is assumed that the wind speed was the
game as in the simulator facility (7 mi/br). The
effective sky temperature for radiatien is caleu-
lated with the following equation of Ward(1l).

'1‘aky = (,914 '1‘u {Absolute toemp.) (74}

The collector tilt angle is 65,0° und the flow ratce
the same as employed in the tests with the simula-
tor facility (10 lb/hr ft?). Using the methods
described above a determination is made of the heat
loss modifier (Ky, ), incident angle modifier (Kgr,
fig. 10), diffuse cnergy modificr (Kpp) and the
direct encrgy modifier (Knp). Table V lists these
modifiers and the required collector performance
congtants obtained from the simulator tests, The
value of &T for the use in Eq. (72) can be deter-
mined from the following equation derived in
Appendix A

oT = “Toi-o Kar,ﬁi-ﬁoo (75)

Table V shows that the results for heating
(Ty = 120° F) for the day choson gives all-day
efficicncles of 39.7% and 32.5% for the black-
nickel two-glass and balek-paint two-glass collec-
tory, respectively. The heat loss modifier for the
black-nickel collector was significantly larger
than for the black-paint collector. One possible
reagon for this difference is thr lower glase tem-
peratures for the black-nickel colleetor due to a
smaller radintion cumponent. A lower glass temper-
ature will increase convection losses. This cffect
can better be peen in Figs. 6 and 7 where a condi-
tion of low-plate temperaturc or low~-plate emissi~
vity (black-nickel collectsr) pives a higher dif-
ferential of the heat lose coefficient between the
calculated value and the simulator test value.
When the radiation component becomes significant
(high Tp) the effect of ambient temperature and
sky temperature on the heat loss modifier becomes
smaller.

One factor which the performance calculations
do not at present consider is the cffect of nging
and the effect of dust, etc.,, on collector perfor-
mance. Lt should be possible to experimentally
determine modifiers that will correct for sueh an
effect. These experimentally determined wodifiers
can be incorporated inte Eq. (72).

CONCLUSION

A method is presented for the modification of
golar simulator results for conditions encountercd
outdoors. The modificd performance equation is:

- — 2
n = Rpp (K, Kogag + Kppot = Ky (bgd + Cq07)]

Where a,, b, and C, are constants determined in
the golar simulator facility, and the other factors
are used to modify flow rate and fluid type (Kpg),
incident angle (Kqq), direct solar energy (Knng
diffuse solar energy (Kpp) and heat loss (KUL).

Use of the nbove equation permits a means by
whieh collector tests performed under controlled
indoor conditions can be used for collector steady-
state performance evaluation under outdoor condi-
tions.
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APPENDIX A

Determination Of Product Of Absorptlivity And
Transmiitance For Diffuse Radiation (at)

The product of absorptivity and transmittance
for diffuse radiation can be shown to bo expressed
ag follows:

— a/2
ay = 2 JG ot 8in Oi dﬁi (A-1)

From Eq, {65) the following is obtained

1
at = (ur)oi_o [:1.0 - bo ('E;-B—i- - 1.0)] (A~2)

Combining Eqs. (A-1) and (A-2) and integrating
results in

ar = “Teiwofl - b,] {r-3)

Comparing Eq. (A-3) with Eq. (65) results in the
following identicy

ar .
K = = Kk (A-4)
BT atg g uroi_ﬁoo

Therefore the product of absorptivity and
transmittance for diffuse radiation (G1) may be
determined as fellows;

at & urei=0 (Kmoi-ﬁoo) (a-5)
SYMRBOLS
Ac collector nrea, ft2
Ap ar%ﬁzassocintnd with collector perimeter,
constant
CP heat capacity, BTu/lbm °F
FR collector flow efficiency factor, dimension-
less
F! collector plate efficieney factor, dimenslon-
less
g acceleration due to gravity, 32.17 ft/sec?
GrL grashot number based on Le' dimensionless
¢ flow per unit of abscrber area 1b 'hr £e?
ho wind coefficient BTu/hr ft? OF
hg heat transfer coefficient BTu/hr £ o
k thermal conductivity BTu/hr ft °F
L distance between cover plates, ft
m,n exponents, dimensionless
NuL Nusselt number based in L, dimensionless
Pr Prandtl number, dimensicnless
q energy flux, BTu/br ft2

ap, energy loss, Bfu/hr 2
Rapgleigh number based on L, dimensionless
T temperature OR

outlet temperature, °F

ORIGINAL PAGE IS
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T, inlat temperature °F

U, overall heat logs coefficlent, BTw/hr [t °F

a coating absorptivity, dimensionleoss

aT absorptivity transmittance product for

diffuse radintion

§ insulation thickness, in,

c emigsivity of coating

n collector afficiency, dimensionless

Oi incident angle of radiation

OT collector tilt angle

o Stefan-Boltzmann constont, BTu/hr ft® °R
transmittancsa

Subseripts

a anbient

e cover

DF diffuse in the plane of the colleetor

bR direct in the planc of the collector
edpe
fluid

B, inner gloss

32 outer glass

L based on thickness of gns layer

1 insulation

o] plate

R redr

8 simulator

T total

u usceful

Superscripts
—_ average
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Table I NASA Lewis solar simulater summary

Rndiation sourece,
243 Lomps, 300 W cach
GE-type ELM, tungsten-halogen dichroic coating
12° Totgl divergence angle
Test area,
4 by 4 ft, maximum
Test condition limits,
Flux; 150 to 350 Btu/he-ft?
Flow; up to 1 gal/min (30 1lb/hr-ft
Inlet temp; 75° to 210° F
Wind; O to 10 mph at 75° F

2y

Table I1 Comparison of golar simulator nnd
air-mass 2 performance

Ar mase 2 | Simulator
sunlight
I'nergy | Ultraviolet 2.7 0.3
output | Visible b4 4 48.4
poreent| Infrared 52.9 51.3
Encrgy | Absorptivicy 0.90 0.90
uses (sclective
surface)
Glass . B5 .86
transmiseion
Al mirror .86 .88
reflectivicy
Solar cell 12.6 13.4
efficiency,
percent

9, Hottel, H. C. ond Woertz, B. B., “The Perform-
ance of Flat-Plate Solar Heat Collectors,"
Trans, ASME, Vol, 64, No. 1, Jan. 19242,

PP, 91-104,

10, Duffie, J. A, and Backman, W. A. "Solar Energy
Thermal Processes,' John Wiley and Sons,
New York, 1974,

11. Ward, J. C., "Clear Sky Temperature,” presented
at Meeting of ISES-U.S, Scetion Annunl Meet-
ing, Colorado State Univ., Fort Collins,
Colo., Aug. 1974

12. Souka, A, F, and Safwat, H, H., "Optimen
Orientations for the Double~Exposure,
Flat-Plate Collector and its Reflectors,"
Solar Emergy, Vol. 10 No. 4, Oct.-Dec. 1966,
pp. 170-174,

Table III
a b
Collector % eas acnl
Black nickel 0,985 0,92
collector
Black paint 0.95 0,93
collector

nUsing spectrophotometer.

anlculnted using experimental
value of art.

Table IV Natural convection heat loss coefficients
for 1 1/4 inch gap ond 57° tilt angle

Appronch - C n
= ] = [+ 1]
Tp 00% F Tp 2000 ¥
DeGraaf and 0.12 0.10 1.7
Van Der Held
Housing and 0.13 0.12 1.1
home finance
Dropkin and 0.093 0.085 1.3}
Somerscales
Whillier 0.18 0.18 1.25




Table V All day perforgnncc cnlcula&ionu
[0p = 6503 Tsky = =327 Fy T, = 120 F]

Black nickel 2 glasst ag " 0.713; b0 - 0,504; Cy ™ 0.140; ot = 0,59; KUL " 1,12

Tine 01 Ta,| K, KDR KDF 9 ’ n 9,
O | ar Deu/hr ft (eq. 772) 9y % 0
7-8 57-“ B — 0 100 204 ---- ke e s
8-9 43,9 71 .93 | @92 .08 | 106.6 - —— hoo o
9-10 | 30.3 6| .97 .94 .06 | 222.5 0,354 78.7
10-11 | 16.5 71 .99 .94 .06 | 290.8 J454 132,1
12-12 2.8 9 [1,0 .95 .05 | 323.9 1493 159,5 =
12-1 11.1 91 ,99 73 .06 | 323.8 . 489 158,2
1-2 24,8 | 10 .98 1 .95 .05 302.6 4G4 140.5 w 39,6%
2-3 38.5 9 .95 .93 07 231,5 . 364 84,2
-4 52,1 91 .90 .93 .07 152,1 L, 143 21.7
Totals 1956.2 775.0
Black 2 glass: a, = 0.728; by = 0,705; Cy = 0.251; GT = 0.57; Ky 1.03
7-8 57.4 B| == | -~ | 1.0 2.4 | emme- —~———
8-9 43.9 71 .92 ]0.92 08 | 106.6 J— —— ]
9-10 | 30.3 6 .96 | .94 .06 222,5 0,253 56.3
10-11 | 16.5 7| .99 94 .06 290, 8 . 388 112.7
11~12 2.8 9 |1.0 .95 .05 | 323.9 438 141.7
12-1 1.1 9| .99 N:-TA .06 323.8 L4334 140.8 ® 7936
1-2 26,8 10 | .97 .55 .05 302.6 402 121.5
2-1 38,5 9| .94 .93 07 231,5 . 269 62.2 = 32.5%
-4 52,1 9| .98 | .93 .07 152,1 —— ——
Totals 195602 635-0
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t 16D
Figure 1, - Indoor lest facility,
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T,=85°F
T, =96% 10 218° F
ApR = 197 T0 313 BTU/HR FT2
- WIND = 7 MIHR
6 a=095 =008
A= EUT‘UL(TE-TE)
" 4pR
I | L |
'20 .2 ] T .8

- Ty sl \*
0. ,
9R ' \HR FT? OF

{A) HONEYWELLILeRC BL Ni 2 GLASS.

Figure 2 - Collector performance correlation.
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7, PERCENT

G = 10 LBJHR FT2
T, 850F

Ty «10° 10 214° F

qpR * 187 TO 310 BIUMR FT2
WIND =7 MIfHR
a=095 =008

(BY HONEYWELL/LeRC BLACK NI 2 GLASS,
Figure 2. - Continued.

¢ = 10 LB/HR FT2

T,=850F

T, = 9P TO 2060 F

qpR * 187 TO 310 BTUHR FT2
WIND = 7 MIfHR

I a=095 620,08
— Ulmy -1 )
71=FR[01'- L(l a}
IR
I I | |
2 4 6 8

o 117 (1 )'1
AR " \HR FTZ OF

(C) HONEYWELL/LeRC BL Ni 2 GLASS.
Figure 2, - Concluded.
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START-UP 1800 F

T < 180°F ot —Ti* B°F —

INCIDENT
20— FLUX ~\

WIND VILOCITY 5-10 MPH
TAMB (T 12:00 " 500 F

150 = CALCULATED USING any ™
SIMULATOR .,
100 — RESULTS:..

200 —

BLACK NICKEL -
2 GLASS

{q; *+ 9, {BTUMR-FTA)

N T -
50| ~OUTDOOR TEST BLCK CAING

ol S L L]
.00 9.00 10:00 11:00 1200 1:.00 2:00 300 4.00
TIME OF DAY

16/18174

Figure 4, - O ‘door vs. indoor {simulator} collector
tests,

INCIDENT AND USEFUL SOLAR FLUX
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— BLACK-NICKEL - 2 GLASS
’ SIMULATOR DATA

/ R

/ / n

" ANALYTICAL = R

“PREDICTIONS B e it

\\ — —f:__/:-—" — s B

4 4

- 5 - DROPKIN
2= C - HOME FINANACE
D - WHILLIER

1 | | |

100 150 200
PLATE TEMPERATURE, Tp O

Figure 5. - Comparison of simulator results with analysis.
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COVER HEAT LOSS COEFFICIENT,

COVER HEAT LOSS COEFFICIENT, Uj ¢

UL,C

T —

4l £ BLACK NICKEL - 2 GLASS COLLECTOR™ ™~ —~——

BLACK PAINT - 2 GLASS
— — BLACK NICKEL - 2GLASS

, | | N
70 100 150 200
PLATE TEMPERATURE, Tp %

Figure 8 - Effect of wind on heat loss coefficient,
8 p— ~BLACK PAINT - 2 GLASS COLLECTOR
/ Tp = 82°F, WIND = 7 MIHR
S
- i
6 }-POINT EXPERIMENTALLY

/ DETERMINED

Ta = 85°F, WIND = 7 MI/HR
3 A I S S A

"0 10 20 3 4 5 6 70 8 90

TILT ANGLE, 8

Figure 9. - Effect of tilt angle on heat loss coefficient,
Tp* 160°F,
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Figure X, - Calculated Incident angle modifier,
O BLACK PAINT - 2GLASS
¢ SELECTIVE SURFACE
2 COVER, £° 0.3
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0 2 COVER, £° 0,2
8 8
-7 1= CORRELATION OF CALCULATED
INCIDENT ANGLE MODIFIER ~ //
.6 }— FOR BLACK PAINT - 2 GLASS~
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Figure 11, - Correlation of incident angle modifier,

NASA.Lawlis

Pa—



	GeneralDisclaimer.pdf
	0001A01.pdf
	0001A02.pdf
	0001A03.pdf
	0001A04.pdf
	0001A05.pdf
	0001A06.pdf
	0001A07.pdf
	0001A08.pdf
	0001A09.pdf
	0001A10.pdf
	0001A11.pdf
	0001A12.pdf
	0001A13.pdf
	0001B01.pdf
	0001B02.pdf
	0001B03.pdf
	0001B04.pdf

