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EFFICIENCY OF A SOLAR COLLECTOR WITH INTERNA1. BOILING

Donald A. Neeper

ABSTRACT

The behavior of ● colar collectar with a boiling fluid ia ●nalyz~d to provide a

simple ●lgebraic model for fut.Jre syntema simulations, ●nd to provide guidance

for tetting. The efficiency equation ic developed in ● form linear in the

difference be.ween inl?t ●nd saturation (boiling) temperatures, vhereaa the

expression upon which ASHRAE Standard 109P i- baaed utilir.ea the difference

between inlet and ●mbient temperatu:ea. The coefficient of Llle revised linear

term is ● weak function of collector parameters, weather, and subcooling of the

working fluid, For a glazed flat-plate collector with ❑etal ●baorber, the

coefficient is ●ffectively constant. Therafore, trctin~ at ❑ultiple values of

insolation ●nd aubccoling, ●a specified by ASHME I09P, ohould not be necessary

fnr moot collector. The influences of collector propertied and operating

conditions on efficiency ● re examined.
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EFFICIENCY OF A SOLAR 00 LLECTOR WITH INTERNAL ~ILINC

Donald A. ?leeper

ABSTRACT

lhe behavior of ● solar collector with a boiling fluid is ●nalyzecl to provide s

simple algebraic model for future #ystama simulations, ●nd to p:ovide guidance

for testing. The ●fficiency ●quation is developed in ● fom linear in the

difference between inlet ●nd saturation (boiling) temperatures, whereaa the

●xpression upon which ASHUM Standard 109P is based utilizes th? difference

between inlet ●nd ●mbient t:mperaturee. me coefficient of the revised linear

tem is ● weak function of collector parawters, weather, and subcooling of the

working fiuid. For ● glaced flat-plate collector with metal ●bsorber, the

coefficient ie ●ffectively constmt, Therefore, testing at multiple valuea of

insolation ●nd subcouling, ● n specified by ASHRAE 109P, should not be necessary

for moot collectors. The influences of collector properties ●nd operating

conditions on ●fficiency are exarniued.

MCRGI(OUND

Soin ●t ●l. (1979) noted ●xperimentally that the efficiency of ● two-phase

thermosiphon ●ppeared to follow a linaar relationship, and uusgested that ●n

analytical ttudy was needed. Abramson ●t ●l. (1983) numerically oolved ● tet

of ●quations that repr~ewit ● collactor with both boiling and sensible heat

transftir, ●nd found that different valueo of eubcool{ng of ths inlet liqu;.d

resulled in nearly parallel, linear plots of rifficimtcy versum (Ti-T,)/I.

Uowever, no C1OBC4 form ●xpression wae Siven ?or ●fficiency, fluid flow rate,

or other fettureo of colloctor operation. A1-Tamimj (1982) ●nd A1-Tamimi ●nd

Clark (1983) dev~lopod the folluwint wdified Hoctel-Willier equat:[on for the

●fficiency of ● boilins colloctor:

Donald A. Neeper, Solar Bnor#v Section, MS J576, Los ..lamos National

Laboratory , Loo AlamoD NM87545.
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~=3[(?4) - uL(Ti-Ta)/l] , (1)

in whici] ‘r8
is a generalized heat removal factor that depends on colleutor

propertied, fluid properties, weather par~~ters, and subcooling. !iote chat

the ●xplicit linear term in Equation 1 contains the difference betweec inlet

●nd ambient temperatures. Based on the work of A1-Tamimi and Clark, ASHRAE

Stsndard 109P waa developed for testing the thermel perfomnce of flat-plate

●i,lar collectors containing ● boiling liquid (A1-Tmmimi ●nd Clark 1984; spears

●r.d Maldin 1984a; Speara and Waldin 1984L; Youngblood 1984). This Standard

requiree the experimental determination of five separate plots of cificiency

~-er~us (Ti-Ta)/l, with each plot obtained ● t specified values of insolation

~nd ●ubcooling. Price, ●t ●l. (1985) extended the ●nalyais to include the

eifcct~ of s condenser. From system ntudies, they concluded that the ●ffect of

subcooling on long-term performance would be enroll. Price (1Y8L) concluded

that ASHIUE 10’JP doeo not provide ● sufficient improvement over Standard 93-77

to be useful.

For ● collector with senoible cooli.lg, the efficiency equation in

J“ FR[(T4) - UL(Ti-Ta)/l]

(Duffie ●nd Beck~n 1980!. For ● fixed circulation rate, FR is conetant.

Therefore, tle eingle P1o”. of > veiaus (Ti-Ta)/I ●s specified by ASHRAE

92-77R in eff~ct masurea two conscanto, FR(Td) snd FRUL. Knowledge of

these conLtanca provides some understanding OF the properties of the collector

and WY guide the manufacturer in improving the collector if he wishat to do

●o. In contrast, ~ for a boiling collector ia ● complicated function of meny

parametara, including subcooling. At zero ●ubcGoling, & = F:. Therefore

the coll~ctor ●fficiency plot ac cero subcoolinu specified b;- ASHRAE 109P would

in etfect waJure F’(Td) and F’U and might thereby reveal come of
b bl

the general proDertias of the collector (tlthou~h F; in not necetqarily

constanr). The other plots required by ASHRAE 109P ●t specific values of

Lnaolaticci ●nd oubcooling pemic comparison of different collector- at the

●pacified conditions, but do noc provida rnano Ior predicting coll~ctor

perfoman’.e under other condition~. The purpoea of thi~ paper ie to show that

Equation 1 mey be r~arrang~d CQ ●s to ●nable a mre intuitive unJerotanding of

collector behavior ~nd no ●. to indicate the aituationa in whic!l testing with

varioua valuoa of ●ubcooling and insolation MY not be necesoary.

-z-
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DEVELOPMENTOF THE EFFICIENCY EQUATION

In this uaper, the collector is ●-su-d to provide saturated vapor to an

external condenser (or engine) Whase propertied establLsh the temperature (or

pressure) ●t which the vapor will wve out of the collector. We ignore the

variation of boiling temperature due to hydrostatic head within the collector

(A1-Tamimi 1982). The denired reaulto could be obtained by manipulation of the

equationo of A1-Tamimi mid Clark [1983). However derivation following firec

prificiplee (Duffie ●nd Beckman 1980) will be outlined here in order co provide

clarity and consistent notation.

We regard ● f~actioual length of the cellector, z*, as having sensible

heat transfer in which the liquid is wsrmed from the ir,let temper~ture, T.
1’

to the saturation (boiling) temperature, Tb. In t.le subsequent fractional

length, (l-z*), boiling heat tranofer tc the two-phase fl~id occurs et

cona:ant temperature Tb. The ra~e of sensible heatirig of thr liquid is

&Cp(T.,-Ti) - ACZ*F
R,nb[s

- UL(Ti-TJ] ,

in which the non-boiling hemt removal factor is

,

F

[

::& 1 - e-’” ‘::LF”
R.tlb -

1

.
AC’ UL P

The rate of latent heat tranefer to the fluid is given by

rnL = AC(l-Z*)F;[S - UL(Tb-Ta)] ,

(3)

(51

in which F’ ●ppearn explicitly because the fluid temperature la as.Jwd co
b

be constant i~ the Lolling portion of the colleccor. At this pnint, Equations

3 and 5 could be utilized to oolve for h ●nd z*. However, WP will first make

two important substitution. The stagnation Temperature, To, it defined by

Ta - Ta = SiUL . (6)

The dimaionlasa aubcooling, x, is defined ●s the ratiu of th~ sL1bcooling to the

diffaronce b~tween otagnatior. ●nd inlat tampmratur~o:



x - (Tb-Ti)/(Ta-Ti) . (7)

Note that x-O when there is no subcooling, ●nd x=1 when the boiling temperature

equal I the stagnatj.on temperature. The quantity x io s measure of the

temperature rise of the liquid, ●a ● fraction of the maximum possible

temperature rise.

From Equa:io~.a 3, 4, 6, and 7, we find

‘R,nb =
-xF’/ln(l-x) ,

●
avd Eq~ation 3 can be solved for z :

.
* ln(l.x)

z-” ~.y— ,

CL

Equetiona 5, 6, 7, ●nd 9 can be combined to give ● dimensionless flow rmte:

which can in turn Lw ●batltuted into Equa:ion 9 with the r?~ul’

*
z- 1 —0

*) F-1)1:(1-X) ~ + 1

(8)

(9)

(lo)

(11)

Finally, vith subatit,ution of Equati.mo 6 ●nd 7, I?quationm 3 and 5 ccn be ●dded

to form the r~te ~f total useful energy yield per unit ●rea of the collector:

qu/Ac = [Z*$R ~b + (1-z*)(l-x)F#[S - UL(Ti-Ta)]
)

?[-~s - UL(Ti-Ta)] .

(12)

(12a)

It con be shown that the first term in brackets on the right-hand aide of

Equation 12 ia ●qual tJ ~n . At this point , wc have oimply ●xprecscd ?Ras a

function of the indfiptnd,nc parameter, x. UMn we suhotitute Equations 8, 9,

●nd 11 in~o Rquatkon 1?, we find

--4-



Note that

(p L

~u )( )
C (Tb-Ti) + 1 1 - x

q=%
[
s-

1
UL(Ti-Ta) .

L
+ 5 Q ~n(~_x)

Cp(Tb-Ti) F’ X

s- UL( Tb-Ta)
(l-X) -S- U(T-T)D

i.f~

(13)

(14)

Substituting Equation 14 into Equation 13, we arrive ●t ● final sxpreuaion for

●fficiency:

>“ qu/AcI = F;E.[(~4) - UL(Zb Ta)H] ,.

L
C (Tb-Tij

+i

in wh;ch
‘f =

— .
L

+ >’-1 ~ ln(l-x)
?p’Tb-”fi)

(15)

(16)

hose thst the iuti:peadent vsriable in EquatiGn 15 is (T ~-Ta)/l, whereas

ASHME 139F is baaed on Equation 1 in which the independent variable is

(Ti-Ta)/I. The remainder of this paper will show that the product

F~Ef is usually ne~rly constant, ●nd that therefore considerable

simplification in t coot procedure can be achieved if the independent variable

is based on the saturation temperature rsther than on the inlet temperature.

An equation very oimilar to Equation 15 waa oer~ved and subjecced to limited

expari-ntal verification by Kishore et s1. (1984*; 1984b). In their

derivation, they •ssu~d that F~-F’, ●nd they used ●n ●pproximate form of

Equation 15 in which the behavior of Ef is lees evident than it io in

Equation 16. However, tha inve-tigationa by Kiahore ●nd collesgue- included

the effects of superheating, which we ignore here becauae moot solar eyo:er~

with boiling collecrora ●re LIOt intended

BEHAVIOR OF THE DIHENS~ONLESS TERMS

to produce superheated vavor.

Becaume ?, itself depend~ on many paramtera, ●xpreeeion of ●fficiency in the

form of Equation 1 doam not parmit the impacta of weather, collector

characteristics, ●nd opmrating parfme?era to be ●xam~ned independently.

ISquat;ona 9, 10, ●nd 16 were devel.lp~l in torma of the parameter x no am to

-ha sevo=al ●npccta of colle:cot bu}.av~or wora aanily understood. Figure 1

---



*
shows the behavior of the nonboiling fractional lecgth, z , and the

di=neionless flow rate ●s functions of the oubcooling rstio, x. For fixed

(Ta-Ti), C* increases ●s the ●ubcooling is increased from zero, ●a we

■ight ●xpect. Without the benefit of these calculations, we might ●lso ●xpect

that z* would approach uniLy whenever the aubcooling ●pproached the

stagnation temperature difference (x ●pproached unity). However, as the

eubcooling is mede larger (as boiling temperature in mede to ●pproach
●

stagnation temperature), z decreases becauee the flow rate decreases. Thus,

we aee that ● subcooling ratio near unity doee not necessarily force most of

the collector length to operate in the nonboiling mode. Rather, Figure 1 ●nd

Equation 11 indicate that z* will ●pproach unity only if (Ta-Ti) beco~s

large compared to L/C
●

●nd that the maximum value of z
P’

●lways occ rs

where x is equal to 0.632. Varioua functions of x ●re plotted in Figure 2 for

use in visualizing the behavior of the foregoing equations.

Under most conditions of significant ●nergy output, the collector operaLes

in the boiling mode over most of ita length (z
*

is mall), ●nd warming of the

subcooled liquid consumed a ❑inor fraction of the collected energy. This

physical fact corresponds to the fact that Ef of Equation 16 is ueually close

tfl unity. Ef depends on the ratio of boiling efficiency factor to

non-boiling ●fficiency factor, F’;:’ ; on the subcooling ratio, x; ●nd on
b

the ratio L/C (T -Ti). Figures 3-5 eho- lines of constant E~ in t~c
pb

space of two variablee, with F’/F’ as a parameter.
b

rne ratio F~!F’

ie nearly constant for ● given collector. ~~se cont~ur plots illustrate the

fact that Ef is nearly conatanc over ● wide range of collector operation,

which nmane Cha. a plot of ●fficiency ~ (T b-Ta)/I nhould closel:,

approximate ● single straight line under all condition. It shnJld be noted

that when x io ~nmll, (Tb-Ti) is ●lso rel.arively emall, OO that collector

operation dues not occur in the lower left-hand corner of Figures 3-5. Figures

3-5 show that as FhiF’ia increased, the spacing between the coutoure nf

Ef becomes emaller, permitting IIf to depart farther from unity.

The ●ntries ir Table 1 for R-1’ fluid #“-ow that LICp(Tb-Ti) will be

greater than 10 for operating temperature up to 188 F (t37°C) ●nd eubcoollng

Up to 29 F (16”c). For many collectors, F~/F’ will be approximately 1.2,

●s represented by Figure ~. TTium, for ●pace- or water-heating ●pplications of

many coll~ctors usirg R-11, Figure 6 chow- that Ef will not deviate from

unity by more Lha’1 52 unleoa x io greater than 0.8, which would ●loo imply that

-6-



the saturation temperm.ture is close to the ataguation temperature. R-12 is

usually unsuitable for solar systems due to i<, low critical temperature. Of

the other refrigerants listed in Table 1, R-114 has the lowest values Gf L/C
P

●nd therefore offero the greatest potential for variation of Ef. In most

space- and water-heating ●pplications, L/CP(Tb-Ti) for R-114 wculd be

greater than 5, ●nd
‘f would deviate from unity by at most 10Z. Therefore,

tbe ●ammption that Ef is a constant ●qual to 1.0 in Equation 15 will usually

be ●ccurste to ~ 10Z.

COLLECTOR EFFICIENCY——

Because the product F~Ef remains nearly constant under the circumstances

of collector testing (whether or no: it is close to unity), it is attractive to

consider a test procedure based on Equatiun 15. If F~Ff i.s nearly

constant, data points representing various dzgrees of subcooling and insolation

should form a single line on ● plot of ~ versus (Tb-Ta)/I. In this case,

testing at multiple values of insolation and aubcooling would not be necessary.

Table 2 presents the aasu~d properties of one actual ●nd three hypothetical

collectors for which the efficiency was calculated allowing variation of all

parameters. Because F; and F’ depend on F, UL, and on the ratio of

fluid heat transfer ●rea to plate area, F; and F’ were calculated for ●ach

point of numerical data ●s explained in the appendix. The thermal properties

of the fluid were also varied ●ccording to temperature ●nd type of refrigerant.

Collector efficiency was calculat~d with the ‘-alu”a of Tb, I, and subcooling

shown in Table 3.

Collector A represents ● commercial tlat-plate unit used at the ●uthor’s

laboratory ●s part of a downward-acting passive transrort eyatein (Neeper and

Hedstrom 1985). For this collector, F;/F’ was ●pproximately 1.2 OUC- the

range of calc~lated conditions , which leads us to expect from Figure L that

Ef should be nearly constanc. The minimum und maxiumum values of Ef that

occurred during the calculations for Collector A were 0.98 ●nd 1.12. As

‘Tb-Ta)’l ‘ncreased ’ Ef increased slightly while FL decreased,

cauainu the product to decr~ase. Figure 6 shown thr calculated efficiency

plotted ns a function of (Ti-Ta)/l, ae prescribed by ASHRAE 109P. The

value- of subcooling and insolation are more extreme than required by ASHRAE

109P. The three linen of Figure 6 ●re horizontally displaced from each other

by (Tb-Ti)/l, ●s expected ii F~Ef were constant in Equation 15.

-7-



Figure 7 im a similar plot ●t lower iuaolation and higher ●aturation

temperature, Tb. The line for zero subcoGling is nearly identical to the

corresponding line of Figure 6, indicating that the change in fluid properties

with temperature had little effect. In cGntrast to Figures 6 ●nd 7, which

illustrate data ●a prescribed by ASHRAE 109P, Figure 8 presents the efficiency

calculated ~t various values of insolation ●nd cubcooling, plotted against

(Tb-Ta)/I ● s •ug~ested by the form of Equation 15. It can be seen tkat the

magnitude of the ●yatematic deviation of the points from a single straight line

in less than or similar to the magnitude of the random ecatter to be expected

in ●n ●ctual expeii~ntal test. Calculations using other values of Tb are

very close to the points shown in Figure 8. We see that the efficiency at

various values of maturation temperature, insolation, subcooling, and ambient

temperature behaves in practice as a single linear function of (Tb-Ta)/I.

Therefore, for Collector A, little would be learned from testing at multiple

values of inaol&tioL ●nd #ubcooling ●s required by AZHRAE 10?P.

Each point of Figure 9 in&icates the average of the Cal~lJlated data

8enerated by tbrec values of Tb, four values of I, ~nd ~ive v~luee of

subcooling. The data for all of the efficiency plots were generated according

to Equation 15 ●t intervals of (Tb.-Ta)/I that represe~ted evenly spaced

fractions of the stagnation value. When the subcooling wag greater than

(Tb-Ta) at ● particular point, no Jata could be generated. Consequently, e

varying number (be~ween 23 and 56 inclusively) of data points ●ntered the

average to form each point of Figure 9. Although the data beir~ averaged did

not constitute ● random statistical dintr:~ution, the standard deviation of

each average was computed in order to indicate the spread of the data around

the ●verage. l%: stand.ard deviation of the data is indicated in Figure 9 by

the vertical extent of each symbol along the liue of the graph. Because R-n

and R-llL represent the extremes af L/Cp in Table I, we conclude from Figure

9 that the efficiency of Collector A in ‘nsengitive to the choice of

refrigerant ● t temperatures between 63 ●nd 189 F (17 ●nd 87°C).

EXTRAORDINARY Collectors—

Figurss 3-5 show that I!f becomes more oensitive to subcooling as the ratio

F~/F’ is increaced. This ratio is maximized by ● large tube-to-plate bond

conductance, by ● large coefficient of boiling heat transfer, and bv F-l.



.

Under these conditions,

‘i ULW
hear loss rate per tube

T ‘1+ ~ “ heat t~a~afer rate to fluid per tube ‘
(17)

in which h is the coefficient for sensible heat transfer to the liquid. We

see, therefore, that F:/F’ will be largest and consequently the
“

sensitivity of Ef will be greateat for the maxi~m va~ucs of W/Di and UL,

and for the minlmm value of h. To maximize this eensitiviiy for Collectors

A-C, the 31usselt number for sensible heat trsnsfer was chosen tc be 4.0, near

ita minimra possible value (Duffie ●nd Beckman 198G, p. 1~-+). For hypothetical

CGllectOr B, W/Di W~S assigned double the value for blleCLOr A, and UL was

alao doubled to 1.76 Btu/ft2-hr.F (1G W~m2.0C). This large value of

UL mlg~t occur for a ●ingle-glazed ~.;~lectos- with flat black absorber (Duffie

●nd Beckman 1980, p. 208). Indeed, =igure 10 shows that, fol Collector B,

dikferent degrees of bubcooling result in 61ightly separated efficiency plots,

indicating that che product F’Eb f i6 not ●ffectively const~nt as it was

for Collector A. Figure 11 presents average data and standard deviations for

Collector B, which may be compared tc t}.t similar data shown in Figure 9 far

Collector A. Each point of Figure 11 represents the average of <It leaot 17 and

at most 50 individual points. The straight line is drawn through the end

points eo ●a to reveal the

The etandard deviations of

Figure 10 are sufficiently

●ctual experimental test.

systematic departure of the data from linearity.

Figure ‘.1 and the spacing between the lines of

small th&t they might be within the errors of an

Thus, ror a collector such as B with unusually large

‘L, the tests prescribed by ASHRAE lL’9P might or might not reveal the actual

small dependence of F~Ef on ●ubcooling and insolation.

Collector C represents ●n ●xtreme case, with UL= 2.64 BLu/ft2.hr.F

(15 W/m2.0C). This m;.ght represent ●n unglazed collector. Although ASHRAE

109P was probably not intended to ●pply to unglazed collectors, we ●re

exploring here the conditions under which F’Eb f of Equation 15 might vary

sufficiently with aubcooling or insolation so ●s to require multipl. te3ts.

For this collector, F~lF’ varied between 2.6 and 3.5 aa operating

condiciona changed, ad Ef varied between 0.62 an.{ 1.0. Experi=ntal tests

should be ●ble to meacure the relatively large effect of subroolin8 mhown in

Figure 12. ?JOwever, the reaulta of ctlculationa (not ●h-m) with insfilation of

149 Btu/ft2.hr (470 W/m2) ●re ●lmoat id ,tical to the lines of Figure 12,

-9-



indicating that If i8 inmenaicive to insolation. ltterefore, temts ●t

-Itiple values of insolation would reveal little information.

Ihe ●ssumed dependence of ~ 011 heat flux ● t the tube wall (Du Pent Inc.

umdated) in principle causes lower values of F*b, ●nd thus lower

●fficiency, under conditions of low heat flux. This -y be why ●xtrapolations

of s- of the linear plots for Collectors B ●nd C intercept the ●bucisaa prior

tG the theoretical stagnation paint. However, in the range of fluxes us~ful

for the signi~icant collection of ●nergy, the dependence of F& on the heat

flux is not sufficient to cause noticeable curvature of the lines.

According to A1-Tamimi (1982), the Nusselt number for sensible heat

tranafer should usually be clo~e to 6. We have used Nu=4.O for Collectors A-C

in order to tccentuat= the dependence of Ef on subcooling. The sensitivity

of efficiency to Nu would be greatest for the collector with the largest UL.

Consequently, Collector D was chosen to have the ●um ●xtreme values of W/Di

●nd UL ●s Collector C, but Nu was increased to 6. me increase af Nu from

the mimimum potsible value of 4.0 to the expected value of 6.0 reduced the

sensiti”tity to subcooiing by ●pproximately half (not Jhown in the graphs).

This ●gain icdicates that testing ●t multiple values of subcooling @hould

seldom be required.

CONCLUSIONS

We have shown that for ● conventional flat-plate collector with UL near 0.88

Etu/ft2”hr.F (5 W/m2~”C), the efficiency msy be ●pproximated ●s ● single

linear function of (Tb-Ta)/l, with the leading coefficient insensitive to

insolation or subcooling. This suggests that testing ●t multiple values of

insolation ●nd subcooling is unnecessary. ?f UL is ●pproximately 1.76

Btu/ft2*hr.F (10 W/m2=”C! (which would be unusual for a glazed

collector), then the linear ●pproximation may become sufficiently sensitive to

subcooling that testing ●t one non-zero value of subcoolins might provide

useful infometion. Even an ●xtreme 10SS coefficient of 2.6h Btu/ft2*hr”F

(15 W/m2~0C) does not cause the linear ●pproximetioa to become sensitive to

insolation in the rante 149-251 Btu/ft2 hr (470-790 W/m2). Tharefore,

testint ●t nu!.tiple values of insolation may not be neceooary in ●ny case.
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Elements of ●n ●fficiency tt’st less elaborate than that spe?iiied by ASHRAE

109P are therefore suggested ●s follows. With insolation > 251 Bt~/ft2 hz

(750 W/m2) ●nd zero subcoolin~, the efficiency ia ~aaured ●nd plorted am a
.

‘dnc:lon ‘i ‘Tb-Ta)’l”
A single dat= point with subccoling of 27 F (15”C)

is mtbbequently ~asured under conditions with [Tb-Ta)/l less thaa 602 of

the stagnation value inferred by linear extrapolation of the plot obtained with

zero ●ubcooling. If this point deviatea from the plotted daLa by mar~ than 10%

ifhat i~, if { (0) - (15?}/ (G) > 0.1), then ● complete set of ●fficiency

data ●t 27 F (15-C} subcooling should be obtained. if ●ny data set does not

form a suitably straight line when plotted as a function of (Tb-Ta)lI, the

heat crsnsfer

complete tes-

Tht ●bove

●pecificazion

within the collector may be seneitlve to heat flux, ●nd a

per ASHRAE 109P should be conducted.

paragraph in intended ●m ● broad ●uggeation, not ●m ● precise

rf procedure. A teatiniz procedure based on this suggestion could

r~veal those collectors for which the prcduct F~Ef is sensitive to

●ubcooling and/or insolation, while not requiring unnecessary ttste for the

majority of collectmre. Whether the suggested procedure can be modified ro

include ● coll~ctor with integral condenser has not yet been investigated.

NOPIENCLATU!lE——

Ac

c

D:

‘f
F

F’

‘i

%

‘R,nb

?*

h

%
1

Collector ar?a.

Specific heat of the li~uid working fluid.

Internal diameter af ● :ube of ● fin-tube flat-plate collector.

Factor defined by Equatlor 16 that relates efficiency to subcoolifig.

Fin ●fficiency factor.

Collector ●fficiency factor for the nonboiling portio,, of the

colle~tor, in whit, only oensible heat transfer is ●ssumed to occur.

Collector ●fficiency factor for the boiling portion of the collector,

in which oniy boiling heat Lransfer is ●aoumed to occur.

Heat removal factor for ● collector with sancibl~ cooling.

Hoar ramoval factor for the nonboiling portion of the collec~or.

Generalix@d heat removal factor for the ●fficienc ●xpreaoion based

on inlet temperatur~

Coefficient of haac Cranaf@r fro- tube wall to nonboiling liquid.

Coefficient of heat trarisfer fr:m tu~.t wall to tho boiling fluid.

Insolation (powmr per unit •re~) incident on tho collactor.



L Letent heat of vaporization of the working fluid.

m

Nu

!lU

s

x
●

z

Time zsce of mama flow of working fluid through the collector.

Nusselr number for heat transfer to the liquid.

Total useful energy yield of the collencor per unit time.

Solsr radiation ●bsorbed per unit time per unit ●rea. s- (7X)1.

Ambien: temperature.

Saturation (boiling) temperature of the working fluid.

Tem~er*ture of the liquid ●r the inlet of the collector.

Stagnation temperature of the collector.

Collector lbss coefficient.

Spacing between cenrerline~ of tubes of the abamber plate.

Dimensionless tubcooling rstio, (Tb-Ti]/(Tc-Ti).

Fraction of the collecror length in ch~ nonboili,lg state.

? Ther~al ●fficiency of the collector.

~ (&T) Thermal efficiency Gf the collector at a particular subcooling, hT.

(l’d) Transmittance-absor ptance proauct.
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APPENDIX A: DETAILS OF HE4T TRANSFER MODCLING

Linear approximations were used to iepreoeilt L ●nd Cp ●a funct~ona of

temperature. A piecewiow linesr SpFroximation for hb ●c ● function @f haat

flux wes uced for ●ll rafrieermnts, banod on Du Pent data for R-114 (Du Pent

Inc. undated). Those data may not represent the eevoral modes of boiline in a

tub. ●nd the dependenc~ of hh on tubo dia~ter, ●a Siven by more ●laborate

correlation (A1-Tamimi 1982). However, over tho limited range of heat fluxes

-13-



-asured by A1-Tamimi (1982), the Du Ponc data far R-llL ●pproximately ●gree

with measurements using R-n in a solar collector. Therefore, the Du Pent data

for~were u.edfor allrefrigerants in this study. Tb, I,.nd

(F~-Ta)/I were established before calculating each value of efficiency,

wit\ the consequence that Ta c.ccasionally hsd ●n unrealistic valus. Cp was

calculated ● t the ●verage of Tb ●nd TiO Collector ●fficiency was

calculate in au iterative loop in which hb wan adjuated ●ccording to the

heat flux until the chaflge in F&/F’ was < 10-3.
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TABLE I. RATIO OF LATENT HCAT TO SPECIFIC HEAT+

Refrigrjrant 11 12 113 :L14

T(F) T(”C) (units of temperature difference)

F ‘c F “c F “c F ~

62.2 1608 378 410 270 150 292 162 23’3 128

98.7 36.8 355 197 236 131 274 152 205 114

188.2 86,8 292 162 123 68.5 227 126 146 81.2

224.2 106.8 265 147 00 207 115 120 66.9

‘B~~ed on data from the 1981 ASHRAE Handbook of Fundamentals.

TABLE 2. ASSU14CDPROPERTIES OF COLLECTORS

Collector (~~) F t
‘L

Di

Btu U in ❑

A 0.81 0.98 0.88 5,0 0.374 0.0095

B 0.81 1,0 1.76 10,0 0.394 0.01

c 0,81 1.0 2.64 15.0 0.394 0.01

D 9.81 1.0 2.64 15.0 0 394 0.01

‘Btu/ft2*hr,F or U/m2~”C.

w Nu

in u

2.00 0.0508 4

3.94 0.10 4

7,87 0.20 4

7.6? 0.20 6

TABLE 3. VALUES OF SATURATIUN TEMPERATURE, INSOLATION.
AND SUBCOOLINCUSED IN CALCUI.ATINCEFFICIENCY

‘b 1+ {Tb-Ti)

F ‘c Btu W F “c

62.2 16,8 317 1000 0 0

98,2 36.8 251 790 10.8 6

188.2 86,8 )49 470 27,0 15

63.5 2(’)0 43.2 24

59.4 33
t

Btu/ft2.hr or W/m2.



FICURE CAPTIONS

Fig. 1. Non-boiling fr~ction~l length of collector ●nd dimensionleaa flow rate

● functions of x for two values of L/Cp(Ta-Ti).

?i8. 2. Three functions of x.

Fig. 3. Contours of Ef for F&/F’ - 1.0.

Fig. 4. Contours of Ef for F~/F’ = 1.2, ●s occur- for many flat-plcte

collectors.

Fig. 5. Contours of Lf for F~/Fg = 2.0.

Fi~. 6. Efficiency of Collector A versus (Ti-Ta)/I with I - 317

Btu/ft2*hr (1000 W/m2) ●nd Tb = 62.2 F (16.8’C).

Fig. 7. Efficiency of Collector A versus (Y1-Ta)fI with I - i49

Btu/ft2.hr (470 W/m*) end Tb = 98.2 Y (36.8*c).

Fi8. 8. Efficiaacy of Collactor A v~rsus (Tb-Ta)/I with Tb = 62.2 F

(16.8°C).

Fig. 9. Efficiency of Collector A ●veraged over saturation temperatures,

insolation, ●nd subcooling. Data ● re shown for R-11 ●nd R-114 fluids.

Fig. 10. Efficiency of Collmctor B vtrsus (Tb-Ta)/I with I = 251

Btu/ft2*hr (790 W/m2) ●nd Tb = 98.2 F (36.8”c).

Fig, 11. Ilffici@ncy of Colloctor B ●vcragad ovor maturation tomp~ratur~s,

insolation, ●nd aubcooling.

?iI. 12. Cfficiancy of Coll@~tor C varouo (Tb-Ta)/I with I = 251

Btu/:t2”hr (790 W/m2) ●d Tb ■ 98.2 F (36.8°C).
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